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ABSTRACT
Acequia communities are agricultural communities that rely on self-organized
participatory water allocation for irrigation. In North America, these communities
originated with the Spanish colonization of the New World that took place towards the
end of the 16th Century. Currently, functioning acequia communities in the United States
are located in northern New Mexico and southern Colorado. As the first users of
snowmelt water, these communities are threatened by future changes in climate.
Projections for decreases in precipitation, increases in temperature, and prolonged, drastic
periods of drought are all factors in possible future diminishments in stream flow. Other
threats to acequia culture include reduced agricultural activity, an influx of newcomers
buying second homes in the region, and farmers selling off their water rights. Practicing
small-scale subsistence agriculture and allocating water collectively are two practices that
may help acequia communities withstand future changes in climate and culture.
System dynamics modeling uses stocks, flows, and converters to map out
complex human or natural systems. Systems modeling can be used to create
experimental situations to see how any system may respond to future changes. This
professional project focuses on the development of a systems model for the Rio Hondo
watershed. The Rio Hondo simulation models water availability, crop productivity and
crop market value across five climate change scenarios, five alternative crop
distributions, and three irrigation practices. The purpose of the simulation is to develop a
quantitative understanding of how acequia communities in the Rio Hondo may be
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affected by future changes, with the hope of using the model to help farmers make
informed management decisions regarding their future survival.
The Rio Hondo watershed is approximately 75 square miles with headwaters
originating in Wheeler Peak, New Mexico’s highest mountain. The lower portion of the
watershed is host to agricultural activity that takes place within the communities of Des
Montes, Valdez, and Arroyo Hondo. The Rio Hondo simulation accounts for water use
based on the current crop distribution within the watershed. Surface and groundwater
interactions are assessed based on Darcy’s Law to measure flow between two mediums.
The simulation models ground and surface water interactions under flood irrigation
techniques and two alternative scenarios using drip irrigation. Also, five alternative crop
distributions are simulated to show the range of yields and resulting economic returns
available to farmers in the region. Also, five climate change scenarios are used as inputs
into the simulation to demonstrate the effect of future stream flow diminishments on the
system.
Under flood irrigation, the volume of the aquifer stabilizes, while under drip
irrigation the aquifer volume diminishes by as much as 20%. Productivity is only
heightened in the second drip scenario where the excess water is re-allocated by farmers
in the region. In this instance, market value of crops increases by anywhere from 1.5 to 4
times the market value of crops in the flood scenario and the first drip scenario. The Rio
Hondo simulation highlights the tradeoffs between economic vitality and hydrological
health of the community and the watershed. The primary benefit of this preliminary
modeling exercise is to generate conversation regarding the future viability of acequia

	
  

4	
  

farming in the Rio Hondo watershed and help farmers make informed water management
decisions.
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INTRODUCTION
The word acequia derives from the Arabic as sakiya, meaning “water conduit for
irrigation” (Brown & Rivera, 2000). Originating in the Middle East, acequia technology
was transmitted to Europe during the Islamic conquest of Spain. Acequias are irrigation
ditches that channel water from higher elevations down to agricultural fields. Traveling
north along the Rio Grande corridor, the Spanish colonizers recognized the region’s
suitability for acequia technology once they arrived in the Sangre de Cristo mountain
range at the end of the 16th Century. The hallmark feature of these irrigation systems is
their communal management of water resources. Through traditional customs, irrigation
water is collectively allocated to each member of the community (Hicks & Peña, 2003).
In the United States, existing acequia communities are located exclusively in the
lower Rocky Mountain range of southern Colorado and northern New Mexico. One
region with a cluster of acequia communities is the Rio Hondo watershed, north of Taos,
New Mexico. The Rio Hondo watershed drains a 75 square mile area, with the
headwaters of the Rio Hondo originating at Wheeler Peak, New Mexico’s highest peak at
13,000 feet. Winding down the western face of Wheeler Peak, the Rio Hondo flows into
the valley of Valdez, through the communities of Des Montes, Cañoncito, and Arroyo
Hondo, joining the Rio Grande at an elevation of 6,470 feet. Once the Rio Hondo enters
Valdez, water is channeled into 13 regional acequias irrigating approximately 2870 acres
within the watershed. (Johnson 1998)
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In the fall of 2008, the New Mexico Experimental Program to Stimulate
Competitive Research (NM EPSCoR) received a grant from the National Science
Foundation for a research study titled, “Climate Change Impacts on New Mexico’s
Mountain Sources of Water.” The 5-year, interdisciplinary study brings together scholars
and researchers from the University of New Mexico, New Mexico State University, and
Sandia National Labs to assess the hydrologic, cultural, and socio-economic features of
acequia communities in the Upper Rio Grande basin. The NM EPSCoR project focuses
on two snow-dominated watersheds: the Rio Hondo and the El Rito watershed. (“UNM
Acequia Socio-Cultural Research Year Three,” http://nmepscor.org/content/unm-acequiasocio-cultural-research-year-three, accessed 3/3/12)
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Figure 1: Map of NM EPSCoR “Climate Change Impacts on New Mexico’s Mountain
Sources of Water” study area
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As they are the first users of snowmelt water in the spring, acequia communities
in these two watersheds are directly impacted by possible future changes in snowpack,
stream flow, and summer rains. The NM EPSCoR study seeks to synthesize relevant
principles from climate change science, economics, hydrology, and social science to
develop an understanding of how communities within these watersheds may respond to
future changes in water resources, climate, and land use. As a participant in year three of
the NM EPSCoR study, this professional project is my contribution to the assessment of
acequia communities within the Rio Hondo watershed. The project quantitatively
analyzes water use within the cultural, hydrologic, and economic context of the
watershed using a dynamic systems modeling platform. In the Rio Hondo simulation,
environmental, cultural, and economic factors are brought together as relevant influences
of agricultural production with the watershed. Climate change scenarios are input into
the model to produce quantitative outputs that demonstrate the effect of various
management choices available acequia farmers.
As a predictive tool, systems modeling can be useful in natural resource
management. By definition, a system is complex set of multiple, interacting components.
Systems modeling can enhance our understanding of how the overall system functions,
how it’s various components interact with each other, and how these components effect
the system as a whole. Quantitative analysis of manmade and natural systems provides a
concrete framework for understanding how systems function. Once calibrated with
historic data, model projections can give a general idea of how a system might perform
given future changes in one or many of its components.
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The Rio Hondo simulation provides a quantitative analysis of how water
availability in the watershed is affected by climate change and cultural decisions. The
simulation produces outputs that assign fixed values to surface and groundwater, as well
as crop production and market value across five climate change scenarios and two
irrigation regimes. The aim of the simulation is to provide a quantitative analysis of
water availability and economic productivity under drip and flood irrigation practices for
the 21st Century. This report includes (1) Background and Issues, (2) Project Inspiration
and Objectives, (3) Conceptual Model Structure, (4) Previous Work and Data Sources,
(5) Model Values and Algorithms, (6) Model Calibration, (7) Model Results, (8)
Discussion, (9) Future Work, and (10) Conclusions.
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BACKGROUND & ISSUES
Arriving in New Mexico in the summer of 1598, Juan de Oñate’s colony of
settlers began to cultivate land in this harsh and arid climate. Foremost in the settlers’
minds was water, and according to the Spanish Laws of the Indies, new settlements were
to be located near water and pastures for grazing animals and growing crops (Brown &
Rivera 2000). In New Mexico, the first settlement was established at the confluence of
the Rio Grande and the Rio Chama, and immediately, irrigation ditches were carved into
the landscape, allowing water from the higher elevation mountain regions to flow down
to agricultural fields (Baxter 1997; Rivera 1998). These acequias served as veins
carrying the lifeblood of the newly settled agricultural communities.
In their study of acequia communities in the Rio Culebra watershed in southern
Colorado, Hicks and Peña write,
Within the acequias, water use rights would have arisen by virtue
of ownership of land served by the acequia system and from the
recognition by authorities of one’s status as a parciante within the acequia
system, that is to say from one’s status as a participant in the structure of
mutual rights and obligations that defined acequia water use. (2003)
In northern New Mexico, some acequia communities have functioned continuously for
more than 400 years. Parciantes, or irrigators, work with mayordomos, or canal
managers, to collectively allocate water throughout the growing season, both in times in
times of plenty and drought. The quantity of allotted water is based on factors such as the
size of the parciantes’ parcel, available stream flow, and the number of irrigators within
the system. Each mayordomo oversees water allocation, the annual ditch cleaning, and
negotiations over water sharing with adjacent ditch systems.
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Practicing a small-scale localized form of subsistence agriculture, acequia
communities foster trade and local consumption at a regional economic scale. In the Rio
Hondo, pasture is grown for livestock that is sold at auctions in northern New Mexico or
southern Colorado. Fruit and vegetables are grown for household consumption. Extra
pasture, alfalfa, fruit, or vegetables are traded with neighbors or sold at nearby farmer’s
markets in Arroyo Seco, Taos, Pueblo de Taos or Santa Fe. Growing crops at
subsistence, community-based levels allows for flexibility regarding production. During
times of water plenty, more parcels of land are brought under cultivation, while in times
of drought, agricultural activity shrinks (personal communications, October 4, 2010,
August 8 & 17, 2011).
In her study of common pool resource management, Elinor Ostrom writes,
What one can observe in the world, however, is that neither the
state nor the market is uniformly successful in enabling individuals to
sustain long-term, productive use of natural resource systems. Further,
communities of individuals have relied on institutions resembling neither
the state nor the market to govern some resource systems with reasonable
degrees of success over long periods of time. (1990)
Given the historic, climatologic, economic, and social changes acequia communities have
experienced, these communities demonstrate a high degree of resiliency. Resiliency is a
field that connects natural and social sciences with the following questions: (1) What
makes human systems that interface with environmental systems robust? (2) Through
history, how have these systems responded to environmental change? (3) What are ways
to measure their future adaptability? (4) Where are their nodes of adaptability?
In his article, “Theories for Sustainable Futures,” C.S. Holling writes,
We define panarchy to be the structure in which systems of nature
(e.g. forests, grasslands, lakes, rivers, and seas), of humans (e.g. systems
of governance, tribes, and cultures), as well as combined human - nature
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systems (e.g., agencies that control natural resource use), are interlinked in
never-ending adaptive cycles of growth, accumulation, restructuring, and
renewal. These transformational cycles take place in nested sets at scales
ranging, for example, from a leaf to a biosphere, over periods from days to
geologic epochs. By understanding these cycles and their scales, it seems
possible to identify points at which a system is capable of accepting
positive change, and possible to use those leverage points to foster
resilience and sustainability within a system. (2000)
Relying on social connections within the community and the community’s connection to
water, acequia communities are a wonderful example of Holling’s concept of panarchy.
Practicing agriculture at a subsistence level allows constant “growth, accumulation,
restructuring and renewal” to take place as every act of managing water resources
remains embedded within the community on a human scale. Adaptability based on sociocultural responsiveness to change lies at the heart of this network of resource
management.
Acequia communities display many “points at which a system is capable of
accepting positive change…to foster resilience and sustainability within a system.”
Examples of these leverage points include adaptable social mechanisms for allocating
water, the ability to expand and contract production of crops during times of water plenty
and shortage, and the opportunity to change irrigation techniques. System dynamics
modeling is an appropriate platform for experimenting with how these leverage points
affect the overall system. In terms of responding to climate change, moving from flood
to drip irrigation may be a way for the acequia system to accept positive change and
foster resilience. The Rio Hondo simulation was conceptualized to see how drip
irrigation methods would affect the hydrologic aspects of the watershed and economic
aspects of crop production.
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The basis for the simulation lies in the physical characteristics of the Rio Hondo
watershed. In a study on the region’s hydrogeology, Johnson writes,
The Rio Hondo is a small tributary to the Rio Grande, with peak
annual flows of generally less than 300 cfs and major flood flows of only
about 500 cfs. The Rio Hondo originates as ground water discharge in the
Sangre de Cristo Mountains watershed, and as runoff from snowmelt and
direct storm precipitation. Quarternary alluvium along the modern stream
channel forms a narrow strip of saturated gravel that is probably less than
about 20 feet thick in most areas. (2009)
The villages of Valdez, Arroyo Hondo, Cañoncito, and Des Montes are included in the
watershed, as is the Taos ski area. All agriculture activity takes place in the lower portion
of the watershed where 13 ditches irrigate a total of 2870.7 acres. Crops include alfalfa,
hay and pasture, orchards, grain, and some vegetables (Johnson 1998; Hydrographic
Survey 1969; DBS& A report 2008). According to conversations with farmers in the
region, this crop distribution more or less holds for today’s condition (personal
communication, October 4, 2010).
There are two USGS gages along the Rio Hondo, gage 8267500 near Valdez and
gage 8268500 near Arroyo Hondo. Gage 8267500, Rio Hondo near Valdez, is at 7,650
feet, while gage 8268500, Rio Hondo at Arroyo Hondo is at 6,670 feet. Record keeping
at the upper gage at Valdez began in 1935 and is ongoing, while the lower gage near
Arroyo Hondo has records from 1935 to 1985. Stream flow is highest during the spring
and early summer months due to melting snowpack from higher elevations and
diminishes quite considerably as summer progresses creating months of low flow or even
no flow conditions. New Mexico’s monsoons serve to replenish stream flow during late
summer.
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Table 1: Acequias, their length, and irrigated acreage in the Rio Hondo watershed
Total Length (miles)

Irrigated Acreage

Rebalse

2.1

556.3

Des Montes

2.5

390.7

Acequia del llano

2

227.9

Mariposa

0.7

201.3

Acequia de San Antonio

2.7

172.6

Prando

1.6

49.6

Canoncito North

0.8

22.4

Canoncito South

0.8

22.4

Acequia de Atalaya

5.2

323.9

Acequia Madre del Llano

3.8

640.1

Acequia de la Plaza

2

105.9

Hawk

0.9

156.9

TOTAL

25.1

2870.7

(Daniel B. Stephens & Assoc., 2008, Flow Sharing Agreement 2006)
According to anecdotal evidence, this crop distribution roughly holds to today’s
conditions as well. For the purposes of this preliminary modeling exercise, this
distribution of irrigated acreage will suffice.
Arroyo Hondo was the first community settled in the watershed with settlement
moving into the higher elevations as time went on. However, since it is at the upper end
of the watershed, Valdez takes water form the river first. During drought years, this
means that Arroyo Hondo gets “the short end of the stick” (personal communication,
August 9, 2011). The years 2000 and 2002 were both drought years that prompted
farmers in the three communities to formulate a water shortage sharing agreement. The
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“Flow Sharing Agreement” relied on priority dates established in the Abeyta
adjudication. John O. Baxter, the State’s historical expert witness on acequia
communities, provided testimony to establish the following priority dates (NM State
Engineer v. Abeyta et al, 2007).
Table 2: Distribution of crops in the Rio Hondo watershed
Crop Type
Alfalfa
Planted Pasture
Pasture & Hay
Native Pasture
Orchard
Vegetables
Grain
Fallow

Percentage of Total
Acreage
24.6
10.2
36
12.4
2.2
2.2
5.5
6.9

Acres
706
293
1033
356
63
63
158
198

(Hydrographic Survey 1969, personal communication October 4, 2010)
Table 3: Priority Dates for Rio Hondo acequias established by John O. Baxter
Ditch & Community
Arroyo Hondo Ditches
Acequia de Atalaya
Acequia Madre del Llano
Acequia de la Plaza
Des Montes Community
Rebalse Ditch
Mariposa Ditch
Des Montes Ditch
Valdez Community
Acequia de San Antonio
Prando Ditch
Canoncito North & South

Priority Date
1825
April 1815
April 1815
August 1815
August 1815
1829
1823
1823
1823

Based on priority dates and the distribution of agricultural parcels, the “Flow
Sharing Agreement” from 2006 allocates Des Montes 41% of the water from the Rio
Hondo, Valdez 22%, and Arroyo Hondo 37%. The Rio Hondo simulation focuses on the
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lower portion of the watershed. As soon as water comes through the valley at Valdez,
acequias begin diverting it to agricultural fields.
Figure 2: Map of the Lower Rio Hondo watershed with acequias, USGS gages, and
villages
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PROJECT GOALS & OBJECTIVES
In his book Acequia Culture: Water, Land, and Community in the Southwest, José
Rivera writes, “As a starting point, water-based planning needs to incorporate the social
infrastructure and cultural ecology of the region alongside the technical and economic
components of planning” (Rivera 1998). The Rio Hondo simulation seeks to develop a
quantitative understanding of how changes in irrigation techniques affect overall water
availability based on climate projections of reductions in stream flow. The aim of the
simulation is to use this quantitative analysis of water availability as a decision support
system for farmers in the region. The use of a model as a management tool is
forthcoming as part of the overall 5-year NM EPSCoR study. This professional project
focuses on developing a preliminary version of a systems model of the Rio Hondo
watershed and producing outputs that would help farmers in the region make future
management decisions.
The project was inspired by the development of a system dynamics model as a
participatory planning tool within the Middle Rio Grande Planning Region. In the mid
1990s, as concern was growing over expanded use of water resources in New Mexico, the
Interstate Stream Commission established 16 water planning regions in the state. In the
Middle Rio Grande Planning Region, a self-selected group of concerned citizens formed
the Middle Rio Grande Water Assembly (MRGWA). In 2003, the MRGWA began a
process of developing various scenarios for understanding the water budget of the threecounty planning region. Any comprehensive water budget over such a broad area would
involve sifting through a multitude of datasets regarding water demand for agricultural,
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municipal, industrial, and environmental purposes. The aim of developing different
scenarios of water use was to determine how dwindling resources might be best managed.
The potential value of a systems dynamics model to assist with regional water
planning became apparent, and a team from Sandia National Labs was formed for the
task. Tidwell et al, write,
A modeling project was initiated to: (1) provide a quantitative
basis for comparing alternative water conservation strategies in terms of
water savings and cost, (2) help the public understand the complexity
inherent to the regional water system, and (3) engage the public in the
decision process. (2004)
The model calculated open-water evaporation, bosque transpiration, consumptive
uses from agriculture, and municipal consumption, as well as developing 42 scenarios to
quantify how departures from established patterns of use might effect water availability
in the future. A user-friendly interface was constructed so normal people could interact
with the model without having to delve into the system’s architecture. During meetings
with community members, various scenarios were modeled and public input was sought
on how the region might best manage its water resources.
Applications in progressive planning and community education regarding natural
resource management may be one of the most useful aspects of any systems modeling
exercise. Initially, modeling the resiliency of acequia communities seemed to be an
intriguing prospect. However, after some research, the difficulties inherent in such an
endeavor became clear. The resiliency of the community stems from their endogenous
social organization; there is a fluid expansion and contraction that occurs based on these
built-in social relationships. As water amounts fluctuate, parcels are brought into and out
of production. This ability to make different agricultural decisions based on changes in
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water availability lies at the heart of resiliency in acequia communities. For this reason,
resiliency, in and of itself, is difficult to model. Assigning mathematical formulas to the
social structure inherent in acequia communities is far more difficult than modeling
quantifiable, concrete exogenous variables.
Water and money were chosen as two measurable outputs that bear heavily upon
acequia farmers’ land management decisions. A clear link between these variables can
be established by constructing a model that examines how water is used in crop
production. The interlinked systems are (1) water demands throughout the flood or drip
irrigation cycle, (2) crop production based on evapotranspiration, and (3) market value
estimations of crops produced. Presenting such a model to acequia farmers in the Rio
Hondo would be a starting point for accomplishing the three aims set out for using
models as participatory planning tools: “(1) provide a quantitative basis for comparing
alternative water conservation strategies in terms of water savings and cost, (2) help the
public understand the complexity inherent to the regional water system, and (3) engage
the public in the decision process.” (Tidwell 2004) Presentation of the model to farmers
in the region was out of the scope of this project. Development of a model that
accurately characterizes the region became the focus of this professional project instead.
Considering that models are only as accurate as the data and understanding on
which they are based, constructing a defensible model of water availability and economic
value under different crop distribution and irrigation regimes required an involved data
collecting process. The Rio Hondo simulation outputs include (1) how surface water is
allocated for crop production, (2) surface and groundwater interactions, (3) production
for a range of crops, and (4) crop market value. Also, there are five climate change

	
  

23	
  

scenarios predicting a range of diminished stream flows, as well as three modules
depicting how the cultural practice of flood irrigation compares with two alternative drip
irrigation scenarios.
Flood irrigation has the proven environmental benefit of replenishing shallow
aquifers. Water flowing in canals or sitting atop agricultural fields seeps into
groundwater, providing a natural storage system for use later in the year (Fernald 2009a,
2009b, Ochoa 2007). Other benefits of flood irrigation include that it is cheap and that it
flushes accumulated salts through the soil. Also, water flowing through canals promotes
the growth of riparian vegetation along riverbanks and canal banks. This pasaje del
agua, or passage of water, has inherent ecosystem benefits. It creates a feedback loop by
keeping water within this riparian landscape. Temperatures are cooler due to the
vegetation. This in turn lowers evaporation rates. Water does not runoff as quickly once
it intercepts this vegetation, creating more opportunities for infiltration. Also, the pasaje
del agua becomes a draw for wildlife in the region. Given projections for reductions in
spring runoff that may be as high as 43% by the end of this century (Coonrood & Hurd
2007, Reclamation 2011), the flood irrigation phenomenon of replenishing aquifers to
serve as natural storage for use later in the year could spell the difference between life
and death for these agricultural communities.
On the other hand, flood irrigation is a relatively basic form of irrigating with a
potential irrigation efficiency of about 45%. Developed in Israel’s arid climate, drip
irrigation relies on PVC tubes to direct water onto the roots of crops. Water is released in
a small trickle based on an automated timer contributing to potential irrigation efficiency
as high as 90% (Fischer 2008). Given the increasing scarcity of water resources in the
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region, drip irrigation could be an attractive, water-saving investment for farmers in New
Mexico’s acequia communities. Some drawbacks to drip irrigation are the high upfront
costs required and the lack of familiarity with the technology amongst farmers in the
region.
In the New Mexico Agronomy Technical Note No. 66, “Water Conservation
through Drip Irrigated Alfalfa Cropping Systems,” Robert Flynn evaluates the
applicability of subsurface drip irrigation on alfalfa production. Noting the lack of
literature on water savings and resulting crop yields under drip irrigation, Flynn broadens
his study to include a range of crops planted at the Bench 14 at the NMSU Agricultural
Science Center. Flynn writes,
Declining water tables and increased political and environmental
demands for water resources were the major reasons this has become an
interest to the farming community. Approximately 43 acre-inches less
water were applied to drip irrigated alfalfa as compared to the sprinkler
irrigated field during the course of the demonstration project. Each acreinch of applied water from drip irrigation produced approximately 349
pounds of alfalfa…..Drip irrigated alfalfa produced 4,500 pounds per acre
less total alfalfa than the sprinkler irrigated alfalfa and 560 pounds less
than the furrow irrigated field….Subsurface drip irrigation has been shown
to have an impact on tomatoes by increasing yield by an average of 14%
with a 25% water savings. Unfortunately, cotton (a favored rotation in the
arid southwest) and lettuce was not a favorable crop for drip irrigation.
(2004)
System dynamics modeling is an ideal tool for quantifying the effect different
irrigation regimes have on surface and groundwater interactions within the watershed, as
well as the crop yield and market value for farmers in the region. As Flynn mentions,
there is a dearth of research on the applicability of drip irrigation for farmers in the
Southwest. The Rio Hondo simulation provides a preliminary quantitative analysis of
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what difference flood and drip irrigation makes to the region’s hydrologic and economic
health.
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THE CONCEPTUAL MODEL
The model begins with stream flow data from the USGS gage 8267500, Rio
Hondo near Valdez. Stream flow for the growing months of April to September was used
since this is the period of substantial flow in the river. The model was set to run on a
yearly time step. In the model, natural fluctuations in stream flow are input as a graphical
function. Individually, these numbers feed into a stock titled Rio Hondo based on the
yearly time step. From this stock, water is diverted into a flow titled acequia inflow that
then feeds into another stock titled acequias. The formula for acequia inflow is
determined by the New Mexico Office of the State Engineer’s allocation of 3.9 acre-feet
per irrigated acre (Daniel B. Stephens & Assoc., 2008). Diversions stem from acequia
inflow to account for consumptive use, incidental depletions, canal seepage, irrigation
seepage, canal surface evaporation, and canal riparian evapotranspiration. Each of these
diversions is extrapolated based on percentages of water demand under flood irrigation
(Fernald et al 2009a, 2009b, Ochoa et al 2007, Wilson & Lucero 2003). From the stock
of the Rio Hondo, there is a flow titled acequia inflow determined by the following
equation:
acequia inflow = 3.9 acre-feet per acre * 2870
acres
Acequia inflow leads to a stock titled acequias. From the stock acequias, there is a flow
titled acequia outflow. Acequia outflow is the amount of water that remains unused from
agricultural demands. The allocation of 3.9 acre-feet per acre is not all agricultural
consumptive demand. Only a portion of this water is used consumptively while the
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remainder is returned to the Rio Hondo through a stock titled acequia outflow. Acequia
outflow is calculated according to the following equation:
acequia outflow = acequia inflow – canal evaporation – canal riparian
evapotranspiration – incidental depletion – consumptive use – canal seepage –
irrigation seepage

The diversions for canal seepage and irrigation seepage are added to a flow titled
groundwater recharge that feeds into a stock for the shallow alluvial aquifer. The initial
volume of the aquifer is based on an approximation for the surface area of the aquifer, an
estimation of the depth of the aquifer is based on studies of the transmissivity and
hydraulic conductivity of the shallow alluvium, and an estimation of the porosity of the
alluvium. An estimate for tributary inflow is also added to groundwater recharge on an
annual basis. There are tributaries that enter the Rio Hondo. These include the Lobo
Creek and the Galinas Creek. See the figure below. In the simulation, these inflows
contribute directly to groundwater recharge. Groundwater depletion is a flow from the
shallow alluvial aquifer that is based on an approximate per capita pumping rate and a
population growth factor for the watershed.
Figure 3: Tributaries entering the Rio Hondo from higher elevations to the north.
(Johnson 2009)
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Surface and groundwater interactions are characterized with a bi-flow titled flow
with gradient. A bi-flow allows flow two stocks, rather than from one stock to another.
Depending on the direction of the gradient, water either moves from the aquifer to the
river or from the river to the aquifer. The flow with gradient is calculated according to
Darcy’s law based on the following formula.
flow with gradient = –hydraulic conductivity * interfacing area * (aquifer head
+ datum correction) – (river stage + datum correction) / difference in length over which
the head’s were measured)

The Rio Hondo is a gaining stream, and the model simulation is calibrated
accordingly (Johnson 1998). Also, there is a fault referred to as Airport Fault near the
lower portion of the watershed. The shallow alluvial aquifer ends at this fault, and a deep
volcanic water-bearing formation begins here. The fault is located at the western end of
Arroyo Hondo, creating conditions of anisotropic flow from the shallow alluvial aquifer
to the deep volcanic formation. In order to successfully calibrate the model, a fixed
amount of transbasin flow serves as an estimate of this vertical flow gradient. In the
simulation, transbasin flow refers to water moving from the shallow alluvial aquifer to
the deep volcanic aquifer. This ensures that aquifer levels in the shallow alluvial aquifer
maintain a consistent level during calibration and future simulations. Below is a
conceptual diagram of the Rio Hondo simulation.
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Figure 4: Conceptual diagram of the Rio Hondo simulation
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Conceptually, the two alternative modules for drip irrigation are structured in the
same way as the flood module. The difference in the drip modules is the absence of
irrigation seepage. In the flood module, groundwater recharge consists of canal seepage,
irrigation seepage from the fields, and tributary inflow. In the drip modules, groundwater
recharge consists only of canal seepage and tributary inflow. In both drip scenarios, drip
irrigation methods are applied to the full agricultural acreage within the watershed. In
one of the alternative drip scenarios, excess irrigation seepage returns to the Rio Hondo
via the acequia outflow. In the other alternative scenario, the excess seepage is allocated
for agricultural consumptive use to see how this may affect productivity and the resulting
hydrologic effects.
In the simulation, flood irrigation is referred to as the flood scenario while drip
irrigation is referred to as the drip scenarios. In the flood scenario and both drip
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scenarios, crop production follows the same formulas for determining crop yield. Both
flood and drip irrigation methods follow the same production functions based on studies
of crop growth in semi-arid environments. In each module, crop production and market
value follows the same formulas. The difference is in the amount of consumptive use
that is allocated within the three modules.
In all three modules, diversions for consumptive use are formulated as IF
statements. If the annual stream flow value is higher than a certain amount, then crops
are allocated their total consumptive use. This amount is based on the total demand for
water as formulated by the acequia inflow, including incidental depletions, canal seepage,
irrigation seepage, canal riparian evapotranspiration, canal surface evaporation, and
consumptive use. If the annual stream flow input is less than this requisite amount of
water, farmers must subtract water from consumptive use since this is the only variable
where water use is optional.
In the first drip scenario, the requisite amount of water for the acequia inflow is
less than in the flood scenario since the absence of irrigation seepage means less water
must be taken out of the Rio Hondo. In the second drip scenario, the requisite amount of
water for acequia inflow is the same as the in the flood scenario since whatever amount
of water going to irrigation seepage is transferred to agricultural consumptive use.
Formulating consumptive use according to an IF statement in the model allows users to
glean how climate change predictions of diminished stream flow may affect crop
production under different irrigation regimes. In the flood and second drip module,
farmers will have to cut back on agricultural consumptive use more frequently, while this
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will occur less often in the first drip module. Also, surface and groundwater interactions
will be affected differently based on drip versus flood irrigation.
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PREVIOUS WORK & DATA SOURCES
All data for the model was taken from reports and datasets published by
universities and government agencies. Current and historic stream flow as well as river
stage measurements are available on the USGS website, “USGS Real-Time Water Data
for the Nation” found at http://www.waterdata.usgs.gov/nwis/rt. (last accessed October
20, 2011). According to the Office of the State Engineer, acequias in the Rio Hondo
watershed are allocated 3.9 acre-feet per irrigated acre (Daniel B. Stephens & Assoc,
2008). Information on the other components of water demand in flood irrigation such as
canal seepage, incidental depletions, and irrigation seepage is available from two sources.
In the Office of the State Engineer Technical Report 51, “Water Use by
Categories in New Mexico Counties and River Basins, and Irrigated Acreage in 2000,”
Brian Wilson and Anthony Lucero outline the components of water demand under flood
irrigation. Before assessing water demands per county, the report explains how irrigation
demands are generally quantified. This procedure is applied to the state as a whole with
general information on water demand components for flood irrigation. Wilson and
Lucero write,
In water resources management, it is often assumed that the
difference between the total diversion and crop consumptive use in return
flow to the stream system of groundwater aquifer. If incidental depletions
are ignored, estimates of return flow will be too high. It is important
therefore, that incidental depletions be properly accounted for. Figure 4.1
illustrates how incidental depletions fit into the total water demand on an
irrigation project that diverts surface water from a stream or reservoir, and
transports it via canals and laterals to farms. In this example, the
consumptive irrigation requirement is 2.0 acre-feet per acre; the on-farm
conveyance efficiency is 60%; the farm delivery requirement is 3.33 acrefeet per acre; the off-farm conveyance efficiency is 70%; and the project
diversion requirement is 4.76 acre-feet per acre. (2003)
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Figure 5: Water demand components in flood irrigation (Wilson & Lucero 2003)
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In their study of how agricultural activity influences surface and groundwater

interactions, Fernald et al, offer percentages of water demand components of flood
irrigation at the Alcalde Agricultural Science Center operated by New Mexico State
University (2010). The largest discrepancy between the two studies is in consumptive
A
uses. In the Alcalde
study, consumptive use is lower since it is strictly measuring

evapotranspiration by crops. In the Wilson & Lucero study, consumptive use includes
the total amount of water delivered to the fields with no specification as to whether this
entire amount is actually consumed by crops. In the Alcalde study, three other categories
provide more detail as to what happens to water delivered to fields.
For the Rio Hondo simulation, the values for incidental depletions, canal seepage,
and irrigation seepage, reflect the more conservative values determined by the Alcalde
study. Due to the discrepancy in the consumptive use category between the two studies,
a percentage for water demand from consumptive use is developed independently for the
Rio Hondo simulation. Using values taken from Office of the State Engineer Technical
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Report 32, “Consumptive Use and Water Requirement in New Mexico” by Harry Blaney
and Eldon Hanson, consumptive irrigation requirements for the distribution of crops
within the watershed was calculated to be 3,693 acre-feet per year. This amounts to 33%
of the total water allocated to acequias in the watershed.
Table 4: Comparison of water demand components in flood irrigation

Canal Seepage
Incidental
Depletions
Irrigation Seepage
Consumptive Uses
Turnouts
Canal outflow

Wilson & Lucero
(1998)
28.2%
6%

Fernald, et. al
(2010)
12.1%
8.9%

Values used in this
simulation
12%
6%

23.8%
42%

21.2%
7.4%
9.5%
40.9%

21%
33%

Figure 6: Values of Water Demand Components used in the Rio Hondo simulation

	
  

35	
  

Surface evaporation is 2.2 acre-feet per year per acre (Daniel B. Stephens 2008)
while riparian evapotranspiration is about 3.75 acre-feet per year per acre (ibid). The
distance between USGS gage 8267500 and 8268500 is approximately 9 miles based on
anecdotal evidence from farmers in the region and estimates that the Rio Hondo itself is
about 20 miles, winding down from Wheeler Peak to the agricultural fields at Valdez
(personal communication, August 8, 10, & 17, 2011). The channel bed is estimated to be
about 20 feet across. Tributary inflow is included as a component of groundwater
recharge, and it is valued at 1,500 acre-feet per year. This is one element of the Rio
Hondo simulation that is a complete estimate. Ostensibly, some component of water
flowing the creeks and streams above the Rio Hondo enters the stream flow and some
component serves as groundwater recharge. For purposes of simplification, the entire
tributary inflow is simply added to groundwater recharge. This is one area the simulation
is not entirely true to life, but given the generalized nature of system dynamics modeling,
it suffices for this preliminary modeling exercise.
Certain physical characteristics of the Rio Hondo and the shallow alluvial aquifer
were simplified for this modeling exercise. There is approximately a 2% slope from the
upper to the lower gage based on a 980 foot elevation difference between the two gages
over a distance of 9 miles. This slope is neglected in the simulation, as is the resulting
east to west flow of water in the aquifer. Also, based on hydrogeologic studies, the
channel bed changes from relatively flat at the upper end of the watershed to a much
steeper, V-shaped bed towards the lower end of the watershed (Johnson 2009). For the
purposes of this simulation, the interface between the Rio Hondo and the aquifer is
assumed to be flat.
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Aquifer characteristics used in the simulation are based in the hydrogeology of the
area. The surface area of the aquifer, the hydraulic conductivity, the transmissivity, the
resulting aquifer depth, and the presence of any adjacent aquifers are required for the
simulation. It is necessary to have reliable data on the hydrologic aspects of the shallow
alluvial aquifer in order to construct a reasonable simulation. Peggy Johnson and Paul
Drakos have both spearheaded extensive studies in the hydrogeology of the Arroyo
Hondo region. Drakos writes,
Pumping tests on nine leaky-confined alluvial wells exhibit K
values ranging from 0.1 to 17.4 ft/day and fall into two distinct
populations and geographic groupings. Low-K (mean K= 0.4 ft/day)
northern wells correspond to older Blueberry Hill mudlow or weathered
fan deposits underlying the large Rio Hondo alluvial fan at the northern
portion of the study area. High- K (mean K=11.4 ft/day) values observed
in sourthern wells correspond to young (?), less weathered deposits
underlying the small Rio Pueblo de Taos fan. (Drakos 2004)
The region of high K values underlie Arroyo Seco and villages to the south of the
Rio Hondo watershed. Even though both weathered and less weathered deposits make up
the regional shallow aquifer, the Rio Hondo simulation is focused only on the low K
values of the leaky alluvium underlying Arroyo Hondo, Des Montes and Valdez. This
leaky alluvium primarily characterizes the geology south of the Rio Hondo and is
referred to as the Blueberry Hill deposit. In a separate study on the region’s
hydrogeology, Johnson et. al, corroborate this with the following information.
Depth to ground water in the shallow alluvial aquifer varies from less
than 20 to more than 300 feet...Saturated thickness ranges from about 25
feet to 275 feet. Yields for wells in the Blueberry Hill alluvial deposit
range from 15 to 30 gal/min with an average of 19 gal/min...The hydraulic
conductivity of 0.4 ft/day...is at the low end of the published range for
clean sands and gravels, but is probably reasonable for a poorly sorted,
clayey unit such as the Blueberry Hill deposit. (Johnson 2009)
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Based on these reports, the Rio Hondo simulation uses a hydraulic conductivity of 0.4
ft/day. Aquifer surface area is estimated to be 48 sq. miles. This estimate is based on the
fact that total watershed area is 75 sq. miles, and the simulation is focusing on the lower
portion of the watershed from Valdez to Arroyo Hondo. The porosity of the alluvium is
estimated to be 15% (V. Tidwell, personal communication, October 4, 2011), while the
depth of the aquifer is set at 100 feet based on a transmissivity of 40 sq. ft/day and a
conductivity of 0.4 ft. These data help determine the initial aquifer volume of 460,800
acre-feet.
The Johnson study describes the underlying geology of the lower end of the Rio
Hondo watershed, which consists of a basalt feature known as the Sevilleta Formation
that begins at the Airport Fault and extends west. The Airport Fault serves as a drainage
divide between the shallow alluvial aquifer and the deeper volcanic aquifer. This
condition between the two aquifers can be described as anisotropic with the water table
differing by more than 300 feet depending on whether the shallow alluvial aquifer or the
deeper volcanic aquifer is tapped. Johnson writes,
Throughout the study area, shallow alluvial wells have higher
static water levels than those completed in the deep volcanic-alluvial
aquifer, and in general, adjacent pairs of shallow deep wells have
measured water-level elevations differing by more than 300 feet in head.
This vertical head differential defines a regional, vertically downward
leakage from the shallow alluvial aquifer to the deep volcanic-alluvial
aquifer. (2009)
The simulation includes a transbasin flow from the shallow aquifer stock. This trasnbasin
flow refers to water moving from the shallow alluvial aquifer to the deep volcanic
aquifer. See the figure below. With transbasin flow estimated at 3000 acre-feet per year,
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the shallow aquifer stock does not collect water. Water moves through the two distinct
geologic formations, allowing the shallow aquifer to stabilize within a reasonable range
during the calibration run.
Figure 7: Geologic cross-section of the Lower Rio Hondo watershed (Johnson 2009)

Figure 8: Map of the Geology of the Lower Rio Hondo watershed
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Data Sources: NRCS,
NM RGIS, USGS

In the simulation, aquifer head is calculated based on the fluctuating volume of the
shallow alluvial aquifer. This fluctuating volume comes from canal seepage, irrigation
seepage, and tributary inflow. Johnson writes,
Channel infiltration through losing reaches of the Rio Hondo,
leakage from local acequias, irrigation return, and infiltration of runoff
through arroyo channels on the alluvial uplands are the primary sources of
recharge to the shallow aquifer. (Johnson 2009)
Aquifer head interacts with Rio Hondo stage height to create a hydraulic gradient
that is used to calculate flow through a porous medium based on Darcy’s Law. USGS
gage 8267500 near Valdez is at an elevation of 7,650 feet while USGS gage 8268500
near Arroyo Hondo is at an elevation of 6,670 feet. The average of these two elevations
is 7,160 feet. The stream gage height data from the USGS website is added to this
average elevation to determine the hydraulic gradient. Given that the aquifer head is 100
feet in the simulation, the datum for the aquifer is set at 7,070 feet to create the condition
of a gaining stream. There are alternating gaining and losing reaches of the Rio Hondo
based on the various geologic formations underlying these different reaches (Johnson
2009). For the simulation, one leaky-confined alluvium underlies both the north and
south of the Rio Hondo and that the entire Rio Hondo is a gaining stream. In all three
modules of the simulation, groundwater flow is a bi-flow in the event that seepage
diminishes and does not continue to provide the conditions to allow the Rio Hondo to be
a gaining stream.
To calculate groundwater flow based on Darcy’s Law, an accurate length is
necessary to compare the difference in aquifer head and the stage head of the river.
According to the “Surface-Water Assessment, Taos County, New Mexico” published by
the New Mexico Bureau of Geology and Mineral Resources in August 1998, the reach of
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the Rio Hondo between Valdez and Arroyo Hondo gains approximately 1,200 acre-feet
per year from groundwater. See table below.
New Mexico Bureau of Mines and Mineral Resources
Taos Surface Water Assessment

Figure 9: Surface and groundwater interactions measured by Johnson (1998)
Table 15. River and streamlosses and gains by reach (all values rounded to nearest 100 ac-fdyr).
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A length of 19.9 feet was determined as an appropriate distance to compare
aquifer head and river stage. This was the value used in the Rio Hondo simulation for
subsequent calculations of the hydraulic gradient in order to use Darcy’s Law to calculate
flow through a porous medium.
T-27
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Consumptive irrigation requirement (CIR) is sometimes used interchangeably
with evapotranspiration. CIR is defined as, “The unit amount of water used on a given
area in transpiration, building plant tissue, and evaporated from adjacent soil, water
surface, snow, or intercepted precipitation in any specified time” (Blaney and Hanson
1965). CIR can be measured in a volume per unit area, such as acre-feet per acre, or in a
depth per area such as inches per acre. CIR can vary considerably in a geographic area as
well as during different growing seasons. Various factors, including precipitation,
topography, soil types, solar radiation, water quality, wind movement, growth stage of
the plant, and even specific site location on a parcel, all influence consumptive water
requirements for agricultural crops. Consumptive use values for agricultural crops or
riparian vegetation fluctuate throughout the day and throughout the growing season.
However, taking such fluctuations into account is beyond the scope of the Rio Hondo
simulation. One normalized, seasonal CIR value is used for crops irrigated in the
watershed. It is important to emphasize that this is a normalized value computed for the
entire growing season. The CIR values used in the Rio Hondo simulation are the
computed normal seasonal consumptive requirements minus effective precipitation as
calculated by Blaney and Hanson in the Office of the State Engineer Technical Report
32, “Consumptive Use and Water Requirement in New Mexico.” (1965).
In the Rio Hondo simulation, the CIR value and the crop acreage are taken
together to determine a percentage of total consumptive use allocated for that crop for the
growing season. Having percentages of consumptive use allocated for a certain crop
allows users to see how any diminishment in stream flow affects that crop’s production.
Also, in all three modules, sliders are assigned to these percentages of crop-water

	
  

42	
  

allocation to allow users to see how changing a crop’s allocation of water affects the
overall crop and economic productivity for farmers in the watershed. Again, the sliders
in the model refer to the percentages of overall water allocation for various crops. These
values then link directly to the crop-water production functions to determine how yield is
affected by changing water allocation.
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Table 5: Normalized seasonal consumptive use requirements for crops grown within the
watershed
Crop Type
Alfalfa
Pasture
Orchard
Vegetables
Grain

Consumptive
Irrigation
Requirement (in.)
18.3
16.77
12.73
11.03
10.7

Total Water Use
based on irrigated
acreage (acre-feet)
1077
2350
67
58
141

Percentage of
Acequia Inflow in
simulation
29%
64%
1%
2%
4%

Figure 10: Baseline percentage of water allocated for crops according to present crop
distribution

Before relating water use to economic productivity, crop–water production
functions needed to compute estimated yield based on water availability. Again, the
science of crop-water production functions is well developed in New Mexico. Most of
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the following crop-water production functions were derived at the San Juan Agricultural
Experiment Station operated by New Mexico State University 11 kilometers southwest of
Farmington, NM. The production functions for alfalfa, barley, beans, corn, green chile,
onions, potatoes, sorghum, and wheat are based on studies conducted. Irrigation was
done with sprinklers, and evapotranspiration was measured by lysimeters. The
production function for pasture was taken from a report on a water resource planning
toolbox for physical and social dynamic models written by a team of researchers from
Sandia National Labs.
Most fruit production from orchards takes place in places like the Pacific
Northwest where there is an abundance of water. One study by Naor et al. was found on
deciduous apple orchards in Israel (2008). Two strains of apples were planted with three
levels of fruit density. Water was applied through sprinkler irrigation as well, and
evapotranspiration was measured with lysimeters. Considering the limited scope of this
preliminary modeling exercise, the resulting data was suitable for a crop-water
production function for deciduous orchards. The low crop load of less than 50 fruit per
tree was used. Crop yield in megagrams per hectare was graphed on the x-axis while
water applied in inches was graphed on the y-axis and a linear trend line was used to
extrapolate a production function for orchards.
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Figure 11: Orchard Production Function extrapolated from a best-fit trendline using data
from an Isreali study on apples
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Table 6: Crop-Water Production Functions used in the Rio Hondo simulation
Crop
Alfalfa

Production Function
Y= 0.11*Et – 1.36

Units
Y (tons/ha), Et (cm)

Barley

Y= 111.6*Et –
2104.8

Y (kg/ha), Et (cm)

Beans

Y= 58.4 * Et – 423

Y (kg/ha), Et (cm)

Chile

Y (tons/ha), Et (cm)

Corn

Y = 0.5168 * Et –
12.1
Y = 86.6 * Et +2209

Onions

Y = 834 * Et – 4414

Y (kg/ha), Et (cm)

Orchard
Pasture

Y = 0.28 * Et +
10.86
Y =289 * Et – 2206

Y ( Megagrams/ha),
Et (inches)*
Y(lbs/acre), Et (in)

Potatoes

Y = 576 * Et – 3300

Y (kg/ha), Et (cm)

Sorghum

Y = 126 * Et – 955

Y (kg/ha), Et (cm)

Wheat

Y = 74 * Et – 996

Y (kg/ha), Et (cm)

Y (kg/ha), Et (cm)

Source
p. 4, Mapel &
Sammis (1985)
p. 16, Kallsen,
Gregory, Sammis
(1981)
p. 44, Kallsen,
Gregory, Sammis
(1981)
p. 30, Mapel &
Sammis (1985)
p. 70, Kallsen,
Gregory, Sammis
(1981)
p. 30, Mapel &
Sammis (1985)
p. 1258, Naor et al
(2008)
p. 208, Tidwell et al
(2006)
p. 30, Mapel &
Sammis (1985)
p. 4, Mapel &
Sammis (1985)
p. 4, Mapel &
Sammis (1985)

Each of the three modules uses the same crop-water production functions. Even
though there is emerging research on the increase in crop productivity from drip
irrigation, attempting to incorporate such increases is beyond the scope of the Rio Hondo
simulation. Instead, the difference in the three modules lies in the construction of the IF
statement allocating total consumptive use.
The crop distribution reported in the 1969 Hydrographic Survey includes alfalfa,
native pasture, planted pasture, pasture and hay, orchard, grains, vegetables, and land left
fallow. In the simulation, native pasture, planted pasture, and pasture and hay are all
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combined under the category pasture. The allocation of water for grain is divided evenly
among corn, sorghum, wheat, and barley. The allocation of water for vegetables is also
divided evenly among beans, chile, onions, and potatoes.
Market value of crops was taken from the Crop Values 2010 Summary published
in February 2011 by the National Agricultural Statistics Service of the United States
Department of Agriculture. Market values were available for the years 2008 to 2010 for
almost all crops grown in the watershed. The economic component of the Rio Hondo
simulation was simplified with no inflation rate or cost of production taken into account.
Instead, the economic component of the Rio Hondo simulation is meant as an easy-toread, relevant indicator for understanding the change in crop productivity based on the
change in water availability. Assessing crop production in terms of dollars serves
primarily as an indicator for production possibilities in the watershed rather than
reflecting a comprehensive dollar value of productivity.
Once the simulation was calibrated according to baseline data from the upstream
and downstream gages for the years 1935 to 1985, four climate change scenarios were
used for future projections. Data was taken from the Valdez gage for the years 1935 to
2010. The values from 2000 to 2010 are the first ten data points in the stream flow input.
Next, data points from 1935 to 2010 are taken to represent the years 2011 to 2086. For
2087 to 2100, values from 1935 to 1948 are reused. This method of recycling existing,
historic data for projected future data points is obviously a limited and simplified
approach. However, it allows us to capture the variability and natural fluctuations in the
stream flow input into the Rio Hondo simulation.
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Climate change projections are applied to the baseline stream flow to develop four
distinct scenarios of diminishment. The four scenarios are taken from data regarding
expected diminishments in stream flow in rivers in the Western United States. Hurd and
Coonrod conducted a WATBAL assessment relating diminished stream flow and surface
runoff in terms of economic loss for the state of New Mexico. With the understanding
that New Mexico’s economic and cultural life is closely connected to the health of the
Rio Grande, a “river basin-scale hydro-economic (RBHE) model of the Rio Grande
watershed” (Hurd & Coonrod 2007) is constructed “to monetize the economic
consequences as distinct from the hydrologic consequences of potential climate change.”
In the RBHE, three climate change scenarios are used across two future periods to
represent the range of effects projected by the 18 General Circulation Models (GCMs)
used by the Intergovernmental Panel on Climate Change in their Fourth Assessment
Report (ibid).
The Special Report on Emissions Scenarios uses 6 scenarios as inputs into 18
GCM’s to produce a range of outputs of possible climate change. The scenarios are
grouped into four families that cover a range of demographic, economic, and
technological influences to greenhouse gas emissions. The A1 scenario is developed
based on the following factors.
The A1 storyline assumes a world of very rapid economic growth,
a global population that peaks in mid-century and rapid introduction of
new and more efficient technologies. A1 is divided into three groups that
describe alternative directions of technological change: fossil intensive
(A1F1), non-fossil energy resources (A1T), and a balance across all
sources (A1B). (IPCC: Synthesis Report 2007)
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Needless to say, the development of the IPCC’s data is complex and involves
collaboration on the part of hundreds of scientists and research institutions. For the sake
of the Rio Hondo simulation, we are interested in percentages of change in stream flow
that emerge from these climate scenarios. However, regional projections do not
immediately stem from the IPCC’s broad-based, global outputs from the GCM’s. Rather,
another iteration of work is required to translate these broad global outputs into localized,
regional projections of what to expect under these various climate scenarios. In the
WATBAL RBHE model constructed by Hurd and Coonrod, the A1B is used with
projections of 1.7 to 4.4° Celsius rise by 2090 – 2099 relative to 1980 – 1999 (IPCC
2007, Hurd & Coonrod 2007).
Of the 18 GCM’s used in the IPCC’s report, the RBHE model developed by Hurd
and Coonrod use the following three:
Table 7: Climate change scenarios used in simulation
Scenario
Wet
Middle
Dry

Conducted by
Hadley Center for Climate Prediction
Atmospheric Research from CSIRO
Australia
Geophysical Fluid Dynamics Lab (NOAA)

Hurd and Coonrod write,
Using the temperature and precipitation outcomes estimated by
each of these three models, Smith and Wagner develop six climate change
scenarios, a Wet, Middle, and Dry scenario for each of two future time
periods, a closer time frame, simulating years 2020-2039, and one further,
simulating years 2070 -2089, referred to as “2030” and “2080” scenarios
in the analysis. (2007).
A fourth scenario developed by the U.S. Bureau of Reclamation is also used in the
Rio Hondo simulation. In 2009, the SECURE Water Act was passed by the U.S.
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Congress to assess the adequacy and health of the nation’s waters. The act aims at
developing data and research to determine climate change impacts on water resources in
the Western United States. Even though states bear the responsibility of managing their
own water resources, the SECURE Act was passed with an understanding that the federal
government can support the states in preparing for a changing climate.
The SECURE Report focuses on seven river basins in the American West: the
Colorado, the Truckee-Carson, the Klamath, the Missouri, the Upper Rio Grande and
Pecos, the Columbia, and the Sacramento – San Joaquin (Reclamation 2011). Due to it’s
regional scale, the climate change projections developed by the U.S. Bureau of
Reclamation are included in the Rio Hondo simulation to serve as a contrast for the three
aforementioned scenarios that stem from global-scale GCM’s.
All four scenarios give projections for diminished stream flow for two future time
periods, 2020- 2039 and 2070 – 2089. For the Rio Hondo simulation, these two periods
of projection serve as the basis for future estimates by using a best-fit line to determine
percentages for diminished stream flow to 2100. The percentages below are applied to
the projections of baseline stream flow reconstructed from current and historic gage data
to create four distinct inputs of diminished stream flow based on a changing climate.
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Table 8: Percentage of stream flow diminishment through four climate change
projections
Wet

Middle

Dry

US BoR

2020-2035

6.5%

3.5%

13%

1.5%

2035-2045

7.0%

7%

17%

5%

2045-2055

7.5%

11%

21%

9%

2055-2065

7.75%

14%

24%

12%

2065-2075

8%

18%

27%

18%

2075-2085

8.3%

22.8%

29%

21.7%

2085-2100

11%

26%

34%

23%

Note: The percentages in bold and italics are published data for two future time periods
while the percentages in between these are extrapolated from best-fit trend lines.
Figure 12: Four climate change scenarios graphed along two future time periods with
linear trendlines used to extrapolate data points in between and after the time periods for
which data was available.

	
  

52	
  

Figure 13: Resulting graph of diminishment in stream flow predicted by the four climate
change scenarios used in the Rio Hondo simulation. The Baseline climate change
scenario includes no diminishment in stream flow.

Population data was collected from the U.S. Census Bureau American Fact Finder
service. Valdez, Arroyo Hondo, and Des Montes are located in Census Tract 9521,
Block Group 3 (http://quickfacts.census.gov/qfd/states/35000.html, last accessed
November 25, 2011). In 2000, the population was reported to be 1,598 persons in this
Block Group. Population growth data for the Taos water-planning region was found in,
“A Report on Historical and Future Population Dynamics in New Mexico Water Planning
Regions” published by the Population Estimates and Projections Program in the Bureau
of Business and Economic Research. Overall regional growth rates were applied to the
Rio Hondo watershed to develop one population growth scenario. In the BBER report,
growth rates were developed on 5-year increments from 2000 – 2060. These growth
rates were plotted, and a best-fit line continues the existing trend to 2100. Once again, a
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best-fit line was used to extrapolate growth rate data for future time periods. Only one
scenario for population projection was developed from this set of growth rates for the
Taos region.
Table 9: Population Growth Rate forecast by BBER-UNM
Year
2005
2010
2015
2020
2025
2030
2035
2040
2045
2050
2055
2060
2065
2070
2075
2080
2085
2090
2095
2100

Population Growth Rate
1.26
1.19
1.2
1.12
0.89
0.7
0.59
0.5
0.45
0.49
0.55
0.62
0.56
0.6
0.68
0.76
0.86
0.98
1.12
1.28

Note: BBER projected growth rates were projected up to 2060. For years after 2060, a
best-fit line was used to determine future growth rates based on the prior trend.
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Figure 14: Trend line for BBER population growth projections used to determine growth
rates for the rest of the 21st Century

Figure 15: Population growth according to BBER projected growth rates
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Population data incorporated into the Rio Hondo simulation as an influencing
factor in the groundwater depletion from the aquifer. Based on groundwater withdawls
reported by the regional Mutual Domestic Water Consumers Associations (MDWCA) for
the villages of Des Montes, Valdez, and Arroyo Hondo as well as a population estimate
for users in these villages, a per capita growth rate for groundwater pumping was
calculated. An overall per capita groundwater pump rate of 0.2 AF/yr was used in the
Rio Hondo simulation to include livestock watering, agricultural consumption of
groundwater, and personal consumption from wells. Again, this value is a rough
estimation based on reported groundwater withdrawls from the MDWCAs. Groundwater
withdrawls do not only supply water for domestic use. Uses for stock ponds and
agricultural use during low flow years are also met with groundwater pumping. Due to
stream flow diminishing in the future, it should be expected that these requirements for
water will be increasingly met with groundwater. For these reasons, an overall per capita
pumping rate of 0.2 AF/year was used.
Table 10: Groundwater withdrawls within the Rio Hondo watershed

User

2000 Population

Groundwater Withdrawl
(acre-feet/year)

Upper Des Montes
MDWCA
Valdez MDWCA
Upper Arroyo Hondo
MDWCA
Lower Arroyo Hondo
MDWCA
Lower Des Montes
MDWCA
Watershed Totals

	
  

280

64

120
150

6
9

388

14

300

38

1238
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MODEL VALUES & ALGORITHMS
The Rio Hondo simulation includes three modules. The first module models
flood irrigation. It will be referred to as the flood scenario. The next two modules
simulate two scenarios for drip irrigation. In both of the drip scenarios, referred to as
Drip A and Drip B, there is no irrigation seepage included in the groundwater recharge
component. In Drip A, the irrigation seepage returns to the Rio Hondo. In Drip B, the
irrigation seepage is re-appropriated by acequia farmers allowing for increased
agricultural consumptive use.
In all three modules, the same crop-water production functions are used. The
distinguishing feature between the three modules is in how consumptive use is
determined. In each of the modules, the diversion for consumptive use is formulated as
an IF statement. Based on evapotranspiration values of crops, as well as their distribution
within the watershed, 3,693 acre-feet per year is the calculated agricultural consumptive
use. This amounts to 33% of the total acequia allocation of 11,193. Under flood
irrigation, the full suite of water use demands aside from agricultural consumption
includes irrigation seepage, canal seepage, canal riparian evapotranspiration and canal
surface water evaporation, and incidental depletions. All of these demands require 8,113
acre-feet of water per year. As long as stream flow input into the simulation is valued at
8,113 acre-feet, all of the components in the flood scenario receive their full allocation of
water. In the event that only 8,113 acre-feet is in the Rio Hondo inflow, then there will
be no water returned to the Rio Hondo outflow. In the event that the Rio Hondo inflow
has less than 8,113 acre-feet, the only component of the system where less water can be
applied is in consumptive use. This is the only component of the system that is subject to
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voluntary increases or decreases. In the flood scenario, the consumptive use converter is
then constructed to read, “If the Rio Hondo inflow is greater than 8,113 acre-feet, then
consumptive use is 3693 acre-feet, otherwise consumptive use is 3693 minus the
difference between 8113 and the Rio Hondo inflow in that time step.” In the model, this
syntax reads as,
Consumptive_Use = IF (Rio_Hondo_Inflow>8113) THEN (3693) ELSE (3693 (8113 - Rio_Hondo_Inflow))

This statement reads differently in both of the drip scenarios due to the fact that
no irrigation seepage takes place under drip irrigation. In the first drip scenario, referred
to as Drip A, the irrigation seepage component returns to the Rio Hondo outflow. This
means less water is required for all of the components of the system to receive their full
allocation. Specifically, the Rio Hondo need only have 5,762 acre-feet of water for all of
the acequia components to receive their full allocation. Therefore in Drip A,
consumptive use is determined by the syntax,
Consumptive_Use = IF (Rio_Hondo_Inflow>5762) THEN (3693) ELSE (3693 (5762 - Rio_Hondo_Inflow))

In Drip B, the excess water from irrigation seepage is re-allocated for crop
consumptive use. This increases consumptive use from 3693 acre-feet to 6044 acre-feet,
based on irrigation seepage of 2,351 acre-feet. Drip B is meant to highlight the possible
tradeoffs between hydrologic health of the watershed and increased productivity available
to farmers. In Drip B, therefore, the total amount of water required for all the
components of the system to receive their full allocation of water is 8,113 acre-feet, just
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as in the flood scenario. The difference is that instead of 2,351 acre-feet seeping into the
aquifer or returning to the Rio Hondo, as it does in Flood and Drip A, respectively, it is
consumed by farmers. In Drip B, the syntax for consumptive use reads, “If the Rio
Hondo inflow is greater than 8,113 acre-feet, then consumptive use is 6044 acre-feet,
otherwise consumptive use is 6044 minus the difference between 8113 and the Rio
Hondo inflow in that time step.” The model syntax reads as,
Consumptive_Use = IF (Rio_Hondo_Inflow>8113) THEN (6044) ELSE (6044 (8113 - Rio_Hondo_Inflow))

Therefore, in Drip B and the Flood scenario, 8,113 acre-feet is the amount of
stream flow needed for each module to receive its full consumptive use allocation of
6,044 and 3,693 acre-feet respectively. In Drip A, only 5,762 acre-feet is needed for the
module to receive its full consumptive use allocation of 3,693 acre-feet. This creates a
situation where production in Drip A and Flood are the same in years with full
consumptive use while the number of years full consumptive use is allocated to Drip B
and Flood are the same due to the initial stream flow requirements. This will be
discussed further in the Results section.
The flow with gradient component is a bi-flow between the shallow alluvial
aquifer and the Rio Hondo. As long as aquifer head is greater than the river stage plus
the datum elevation, then the Rio Hondo is a gaining stream. Under the opposite
conditions, where the river stage plus the datum elevation is greater than the aquifer head,
then the Rio Hondo becomes a losing stream.
The rest of the model structure follows from the previous discussion of data
sources. Components such as crop-water productivity functions, market value of crops,
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groundwater recharge and depletion rely on multiplication of the various factors involved
in calculating their components. For a list of algorithms and snapshots for the Rio Hondo
simulation, see Appendix A & B.
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MODEL CALIBRATION
Model calibration and verification is an important part of any modeling exercise.
Calibration serves to verify that the assumptions underlying the model are reasonable,
that variables have not been left out of the model conceptualization, and that the model
outputs for the hypothetical future scenarios are relatively trustworthy. In terms of using
a computer simulation as a participatory planning tool, calibration is also important to
explain in understandable fashion, as it is crucial for engendering trust among community
members regarding the modeled outputs.
In the Rio Hondo simulation, calibration relied on historic gage data at the lower
end of the watershed. The USGS operated gage 8268500, Rio Hondo near Arroyo Hondo
from 1935 to 1985. The Valdez gage, 8267500 began operation in 1935 as well and
continues up to the present. Once the model structure was assembled, calibration
involved using Valdez gage data from 1935 to 1985 and comparing predicted values of
Rio Hondo outflow to historic gage data from Arroyo Hondo for this 50-year period. For
the purposes of this generalized modeling exercise, calibration was successful with the
predicted values following the trend of the Arroyo Hondo data closely.
Despite following the general pattern of Arroyo Hondo data, predicted values
were higher than Arroyo Hondo data during the middle period of the runtime. In the
early and later periods of the simulation runtime, predicted values and Arroyo Hondo
data matched or came close with very little discrepancy. These early and later periods
consisted of approximately the first and last 12 years of the 50-year calibration run.
During the middle twenty-five years of the calibration run, the discrepancy between
predicted values and Arroyo Hondo data increases.
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Figure 16: Calibration run from 1935 to 1985

One possible explanation for this discrepancy during the middle years may lie in
the fact that the groundwater flow component of the model overestimates how much
water the aquifer is contributing to the Rio Hondo. This may be due to an exaggerated
aquifer volume that creates a larger hydraulic gradient than the natural system
experiences. In the Rio Hondo simulation, tributary inflow is generously set at 1,500
acre-feet, and it is a flow directly into the aquifer. If part of this flow were directed to the
Rio Hondo it would be subject to evaporative and riparian ET losses. However, as it is
transmitted underground it creates what is possibly an over generous cushion of water
into the aquifer.
The main reason why tributary inflow is overestimated as an input into
groundwater recharge is because there is no precipitation component included in the
simulation. Precipitation is undoubtedly an input into stream flow and groundwater
recharge. Precipitation seepage into groundwater is something the natural system
experiences. However, due to the complicated nature of quantifying a fluctuating
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precipitation inflow, it was left out of the generalized Rio Hondo simulation. For this
reason, tributary inflow is set high to account for possible recharge from precipitation as
well as seepage from channels and creeks flowing down from the higher elevations north
of the Rio Hondo. Given this is a preliminary modeling exercise, the higher predicted
values from the Rio Hondo simulation were seen as part of the learning process.
Nevertheless, the predicted values follow the general trend of the observed data. Also,
they are within a more than reasonable range for this simplified system model of the
watershed.
Another method of model verification is referred to as calibrating residuals. In
statistics, residuals are defined as the difference between the observed data and the
predicted values. The Rio Hondo simulation is a linear regression model that assumes
that stream flow can be modeled according to the interaction of specified variables that
are simplified according to the basic formula inflow minus consumptive uses equals
outflow. The variables included in the model should be characterized by statistical
independence because if they are not, then there must be some influencing variable that is
left out of the model structure. One way to gauge statistical independence is by plotting
calibration residuals over model runtime. In Applied Statistics and Probability for
Engineers, Montgomery and Runge write,
“The independence assumption can be checked by plotting the
residuals against the time or run order in which the experiment was
performed. A pattern in this plot, such as sequences of positive and
negative residuals, may indicate that the observations are not independent.
This suggests that time or run order is important or that variables that
change over time are important and have not been included in the
experimental design.” (2011)
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As the name implies, residuals are any part of the modeled datasets that is left over. If
there is any pattern to a residual plot, then there is some influencing variable that has not
been included in the model structure. This would invalidate model outputs.
In the case of the Rio Hondo simulation, there is a slight tendency towards
negative residuals. This means that the model is overestimating the situation on the
ground, a conclusion reached by the above comparison of predicted values to the Arroyo
Hondo data. As has been mentioned, in future iterations of the Rio Hondo simulation,
this issue with calibration could be corrected by modifying tributary inflow into
groundwater. However, this would not simply involve setting tributary inflow to a lower
value. If that were done, then the first and last twelve-year periods of the calibration run
would not synchronize as nicely as they do. In further iterations of the model and before
presentation to the public, refining the model based on more closely calibrated results
would be recommended.
Figure 17: Scatterplot of residuals: Arroyo Hondo data minus modeled output
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Normalized residuals are defined as the difference between observed and
predicted values divided by the observed values. This method is used to account for
observed values within the residual itself. As would be expected in the Rio Hondo
simulation, the normalized residuals follow the same pattern of the calibration residuals
with a trend towards negative residuals. This negative trend is mediated a bit by
including the observed value within the residual so the values are clustered a bit more
evenly around the x-axis

Figure 18: Scatterplot of Normalized Residuals
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MODEL RESULTS
Given the broad range of data sets incorporated into the Rio Hondo simulation,
model outputs are grouped into four categories: (1) hydrologic based on climate change
scenario, (2) hydrologic based on flood versus drip irrigation, (3) economic based on
Drip A and Flood versus Drip B, and (4) economic based on Alternative Crop
Distribution Scenarios.
The four climate change scenarios are referred to as Wet, Middle, Dry, and US
BoR. As a comparison, there is a Baseline stream flow scenario with no projected
diminishment of stream flow. The first set of results relates to whether or not each
module receives its full allocation of consumptive use. Given the broad range of data sets
incorporated into the Rio Hondo simulation, model outputs are grouped into four
categories: (1) hydrologic based on climate change scenario, (2) hydrologic based on
flood versus drip irrigation, (3) economic based on Drip A and Flood versus Drip B, and
(4) economic based on Alternative Crop Distribution Scenarios.
In the first drip module, Drip A, irrigation seepage is allowed to return to the Rio
Hondo. This creates a situation where less water must be in the Rio Hondo initially for
the full consumptive use requirements to be met in Drip A. Specifically, only 5,762 acrefeet must be in the Rio Hondo for all of the agricultural requirements to be met in the
Drip A scenario. The consumptive use requirements in Drip A are the same as in Flood,
3,693 acre-feet.
Due to the way consumptive use diversions are conceptualized within the three
modules mean that there are more years where full consumptive use requirements are not
met in Flood and Drip B. The number of years consumptive use requirements are not
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met in the Flood and Drip B modules is the same since they both require 8,113 acre-feet
of initial stream flow in the Rio Hondo. In Drip A, there are fewer years where
consumptive use requirements are not met since initial requirements for stream flow in
the Rio Hondo are less. Table 11 shows the number of years where full consumptive use
requirements are not met through the five climate change scenarios. As mentioned in
Drip B and Flood, the numbers of years are equivalent due to the initial requirements of
stream flow in the Rio Hondo being the same.

Table 11: Number of years where full agricultural consumptive use is unavailable in each
module across four climate change scenarios and a baseline scenario
Climate Change
Scenario
Baseline
Wet
Middle
Dry
US BoR

Drip A
2
3
4
7
3

Drip B
10
12
14
16
12

Flood
10
12
14
16
12

Perhaps, the most interesting feature of the Rio Hondo simulation lies in its
projections regarding surface and groundwater interactions. In terms of surface and
groundwater dynamics, Drip A and B follow the same pattern while the Flood module
follows a separate pattern. This is because in both drip scenarios, groundwater recharge
is only composed of tributary inflow and canal seepage, while in the flood scenario
groundwater recharge also includes irrigation seepage. This creates two distinct
scenarios for the aquifer volume in Drip A and B, and in Flood.
In the Flood module, the aquifer stabilizes around 460,000 acre-feet. The range
of fluctuation for aquifer volume is between 461,000 acre-feet and 450,000 acre-feet.
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Across the five climate change scenarios, aquifer volume diminishes as input stream flow
diminishes. This is due to the already mentioned fact that less water in the Rio Hondo
inflow means more instances where full consumptive use requirements are not met,
which in turn means less recharge. Comparing both drip and flood scenarios, the aquifer
volume maintains stability in the flood scenario. In the drip scenario, the aquifer volume
plummets. This is because the extra 2,351 acre-feet of water from irrigation seepage
contributes to a consistent aquifer level, which in turn helps to stabilize other components
of the system in the Flood module. Given a stable aquifer volume, the groundwater flow
maintains consistency within a range of 1,900 to 1,500 acre-feet per year moving from
the aquifer to the Rio Hondo.
In both Drip A and Drip B, the aquifer volume plummets. The absence of
irrigation seepage from the groundwater recharge component creates a negative feedback
loop where aquifer volume declines precipitously. In the first time step, the aquifer
volume is the same in all three modules. With the absence of irrigation seepage, the
aquifer level declines quickly in both drip modules, creating a greater discrepancy
between the aquifer head and the river stage becomes greater. Across all five climate
change scenarios, the groundwater flow component goes to zero by 2025 – 2026 in both
Drip A and B. In the Baseline, Wet, Middle, and USBoR climate change scenarios, the
groundwater flow becomes negative in the year 2026, while in the Dry climate change
scenario, this occurs in 2025. A negative groundwater flow component means water is
now moving from the Rio Hondo into the shallow alluvial aquifer creating a condition of
a losing stream. As the aquifer volume diminishes and the groundwater flow component
goes to zero, the aquifer essentially becomes a sink for water. Aquifer volume cannot be
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maintained at any consistent level, which enhances the negative feedback loop where the
discrepancy between aquifer head and river stage becomes even greater than before. The
Rio Hondo simulation provides an interesting representation of how the lack of irrigation
seepage profoundly affects the surface and groundwater interactions within the
watershed.
However, the simulation does not represent the total picture of what could
happen. As aquifer volume plummets in the Drip A and B scenario, chances are that the
transbasin flow from the shallow alluvial aquifer to the deep volcanic aquifer would
reach some sort of equilibrium. In the Rio Hondo simulation, transbasin flow from one
aquifer to the other is set at a fixed amount of 3,000 AF/yr. To develop a fuller picture of
what may happen as the aquifer volume plummets, the transmissivity of the shallow
aquifer should go down as the depth of the aquifer plummets. This will create a lower
transbasin flow from the shallow alluvial aquifer to the deep volcanic aquifer, which
allows for the shallow aquifer to stabilize at some lower volume as the transbasin flow is
adjusted to account for a drop in aquifer depth.
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Figure 19: Aquifer volume through five climate change scenarios: Flood

Figure 20: Aquifer volume through five climate change scenarios: Drip A & B
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Figure 21: Aquifer volume through five climate scenarios on similar scale to above
chart: Flood

Table 12: Final aquifer volume in acre-feet through five climate change scenarios: Flood
scenario

	
  

Climate Change

Final Aquifer

Scenario

Volume

Baseline

466,270.33

Wet

465,536.49

Middle

464,798.41

Dry

463,773.06

US BoR

464,926.37
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Table 13: Final aquifer volume in acre-feet through five climate change scenarios: Drip
scenario
Climate Change

Final Aquifer

Scenario

Volume

Baseline

371,067.63

Wet

369,942.54

Middle

369,108.28

Dry

367,101.95

US BoR

369,434.20

Given the two distinct situations of final aquifer volume in the Flood and Drip
scenarios, there are two distinct and corresponding situations of groundwater flow. In
both scenarios, groundwater flow remains synchronous within the module until 2025.
Beginning in 2025, discrepancies occur due the range of projected stream flow
diminishments that occur. As would be expected, the less stream flow available within
the Rio Hondo means the less positive groundwater flow from the aquifer to the river.
The two distinct situations of groundwater flow can be directly correlated to the two
distinct scenarios of aquifer volume that emerge from the Flood and the Drip scenarios.
Once again, it is interesting to see how water from irrigation seepage affects other parts
of the surface and groundwater system. As aquifer volume maintains a consistently
increasing level in the Flood scenario, despite fluctuating stream flow through the five
climate change projections, the groundwater flow component maintains a consistently
positive level as well, within a range based on the diminished stream flow. In the Drip
scenario, the groundwater flow component plummets due to the precipitously dropping
volume of the aquifer. Again, this negative groundwater flow means water is flowing
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from the river to the aquifer. Also this flow occurs within a range based on the
projections for diminished stream flow.

Figure 22: Comparison of groundwater flow through five climate change projections:
Flood Scenario
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Figure 23: Cumulative groundwater flow through five climate change scenarios: Flood
scenario

Table 14: Cumulative groundwater flow through five climate change scenarios: Flood
scenario
Climate Change

Cumulative

Scenario

Groundwater
Flow

	
  

Baseline

152,700.88

Wet

150,711.06

Middle

149,704.12

Dry

146,596.97

US BoR

150,204.20
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Figure 24: Comparison of groundwater flow through five climate change scenarios: Drip
A&B

Figure 25: Cumulative groundwater flow through five climate change scenarios: Drip
scenario
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Table 15: Cumulative groundwater flow through five climate change scenarios: Drip
scenario
Climate Change

Cumulative

Scenario

Groundwater
Flow

Baseline

- 41,485.07

Wet

- 43,353.16

Middle

- 43,899.55

Dry

- 46,858.99

US BoR

- 43,388.90

In terms of surface water, all three modules project different values for water
flowing in the Rio Hondo. Regarding surface water projections, the largest outputs for
the Rio Hondo outflow occur in Drip A, then Flood, and last Drip B. The reason
predicted values for Rio Hondo outflow are different across each of the three modules is
because of the dynamics between the flow with gradient component as well as due to the
way the consumptive use requirement is conceptualized. In terms of aquifer volume and
groundwater flow, there are two distinct scenarios due to the affect irrigation seepage has
on both components of the system. In terms of Rio Hondo outflow, there are three
distinct scenarios due to the way the groundwater flow component of the system interacts
with the water that is originally in the river.
The water that is originally in the river is based on the way the IF statement for
consumptive use is constructed. In Drip B and Flood, the initial requirement for stream
flow in the Rio Hondo is 8,113 acre-feet. These means that there is 2,351 less acre-feet
of water in the Rio Hondo in both of these scenarios than in Drip A which requires an
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initial flow of only 5,762 acre-feet for consumptive use requirements to be met. In Drip
A the Rio Hondo outflow is always 2,351 acre-feet more than in Drip B. The
groundwater flow component in both Drip A and Drip B are the same, so the difference
lies in the fact that in Drip B, farmers are able to appropriate an extra 2,351 acre-feet of
water for crop production. Since the initial stream flow requirements in Drip B and
Flood are the same, the difference in Rio Hondo outflow lies in the different amounts of
groundwater flow predicted in these two modules. Accounting for the difference in Rio
Hondo outflow between the Flood module and Drip A, requires paying attention to both
the difference in groundwater flow as well as the difference in the initial stream flow
requirements between the modules.
Drip A always has 2,351 acre-feet more water in the Rio Hondo than the Flood
scenario. However, the groundwater flow component in the Flood scenario is
consistently within a range of 1,900 to 1,500 acre-feet. In the Drip A scenario, the
groundwater flow becomes negative so even though there is 2,351 acre-feet more in the
river, by the end of the century 1,900 to 1,700 acre-feet of water is moving from the river
to the aquifer through the five climate change projections. Since groundwater flow
fluctuates in the Flood and Drip scenarios based on a fluctuating stream flow, there is not
one set value that accounts for the difference in the predicted Rio Hondo outflow in the
Flood and Drip A scenario. Rather, the difference in predicted outflow fluctuates based
on fluctuating stream flow through the climate change scenarios as well as fluctuating
groundwater flow. The difference between Rio Hondo outflow in Drip A and Flood
range from 2,500 to 600 acre-feet depending on the year.
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The differences in modeled Rio Hondo outflow between the three scenarios can
be described by the following narrative formulas:
Difference between RH in Drip A and Flood = 2,351 - Difference between
the groundwater flow in Drip A and Flood

Difference between RH in Drip A and Drip B = 2,351

Difference between RH in Flood and Drip B = Difference between the
groundwater flow in Flood and Drip B

Figure 26: Comparison of Rio Hondo outflow among the three modules: Baseline

	
  

78	
  

Figure 27: Cumulative Rio Hondo outflow among the three modules: Baseline

Table 16: Cumulative Rio Hondo outflow in acre-feet among the three modules: Baseline

	
  

Scenario

Cumulative Rio Hondo Outflow

Drip A

1,495,293.07

Drip B

1,271,742.88

Flood

1,411,817.09
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Figure 28: Comparison of Rio Hondo outflow among the three modules: Wet

Figure 29: Cumulative Rio Hondo outflow among the three modules: Wet
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Table 17: Cumulative Rio Hondo outflow in acre-feet among the three modules: Wet
Scenario

Cumulative Rio Hondo Outflow

Drip A

1,345,851.94

Drip B

1,126,055.25

Flood

1,265,510.88

Figure 30: Comparison of Rio Hondo outflow among the three modules: Middle
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Figure 31: Cumulative Rio Hondo outflow among the three modules: Middle

Table 18: Cumulative Rio Hondo outflow in acre-feet among the three modules: Middle

	
  

Scenario

Cumulative Rio Hondo Outflow

Drip A

1,240,786.62

Drip B

1,024,236.45

Flood

1,163,587.29
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Figure 32: Comparison of Rio Hondo outflow among the three modules: Dry

Figure 33: Cumulative Rio Hondo outflow among the three modules: Dry
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Table 19: Cumulative Rio Hondo outflow in acre-feet among the three modules: Dry
Scenario

Cumulative Rio Hondo Outflow

Drip A

1,075,946.09

Drip B

865,049.06

Flood

1,003,094.56

Figure 34: Comparison of Rio Hondo outflow among the three modules: US BoR
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Figure 35: Cumulative Rio Hondo outflow among the three modules: US BoR

Table 20: Cumulative Rio Hondo outflow in acre-feet among the three modules: US BoR

	
  

Scenario

Cumulative Rio Hondo Outflow

Drip A

1,275,645.11

Drip B

1,058,187.41

Flood

1,197,794.96
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Figure 36: Comparison of Rio Hondo outflow through five climate change scenarios:
Flood

Figure 37: Cumulative Rio Hondo outflow through five climate change scenarios: Flood
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Table 21: Cumulative Rio Hondo outflow in acre-feet through five climate change
scenarios: Flood module
Climate Change

Cumulative Rio

Scenario

Hondo Flow

Baseline

1,411,817.09

Wet

1,265,510.88

Middle

1,163,587.29

Dry

1,003,094.56

US BoR

1,197,794.96

Figure 38: Comparison of Rio Hondo outflow through five climate change scenarios:
Drip A
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Figure 39: Cumulative Rio Hondo outflow through five climate change scenarios: Drip A

Table 22: Cumulative Rio Hondo outflow in acre-feet through five climate change
scenarios: Drip A module

	
  

Climate Change

Cumulative Rio

Scenario

Hondo Flow

Baseline

1,495,293.07

Wet

1,345,851.94

Middle

1,240,786.62

Dry

1,075,946.09

US BoR

1,275,645.11
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Figure 40: Comparison of Rio Hondo outflow through five climate change scenarios:
Drip B

Figure 41: Cumulative Rio Hondo outflow through five climate change scenarios: Drip B
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Table 23: Cumulative Rio Hondo outflow in acre-feet through five climate change
scenarios: Drip B module
Climate Change

Cumulative Rio

Scenario

Hondo Flow

Baseline

1,271,742.88

Wet

1,126,055.25

Middle

1,024,236.45

Dry

865,049.56

US BoR

1,058,187.41

The economic outputs of the Rio Hondo simulation are relatively simplistic. The
following tables show crop yield and market value on a yearly basis. Also, these are
strictly the baseline yield and market values. The Drip A and Flood scenarios have the
same crop yield and market value since consumptive use in both modules is set at 3,693
acre-feet. Since consumptive use is set at 6,044 acre-feet in Drip B, yield and market
value is higher based on how the crop-water production functions deal with the
availability of more consumptive use. As has been discussed, though, the Flood and Drip
modules both have very different affects on the hydrologic health of the watershed. The
rationale of incorporating an economic component to the Rio Hondo simulation is to
display in quantitative terms the possibility of increased economic returns and their affect
on the hydrology of the watershed.
As part of the user interface, the Rio Hondo simulation includes slider bars for
crop-water allocation. Based on CIR and crop distribution, a certain percentage of
consumptive use is delivered to each type of crop grown in the region. The aim of
including slider bars demonstrates the effect alternative crop distributions have on the
overall economy of the region. The alternative distribution scenarios do not have any
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associated hydrologic impacts as consumptive use within all three modules and across all
alternative distribution scenarios is still 3,693 and 6,044 acre-feet for Drip A and Flood,
and Drip B, respectively. Five alternative distribution scenarios were chosen.
In terms of the alternative distribution scenarios for crops grown within the
watershed, some instances occurred where the percentage of water allocated for a certain
crop actually yielded negative production. This occurred because this percentage of
water was so low compared to the conditions under which that crop is normally grown.
The crop-water production functions are set up in a way that, with too little water for
evapotranspiration, production will in fact become negative. See Table 6. This occurred
for alfalfa and pasture in the alternative distribution scenarios when their allocation of
water went down to 10% and 5%, respectively, of 3,693 acre-feet.
Table 24: Units of crop production and price
Crop

Units of

Price per Unit –

Production

averaged between

Source

2008-2010
Alfalfa

Tons

$168/ton

NASS

Barley

Kilograms

$4.64/bushel

NASS

Bean

Kilograms

$47.50/cwt

NASS

Chile

Tons

$1/lb

NMSU

Corn

Kilograms

$4.79/bushel

NASS

Onions

Kilograms

$9/ 50-lb sack

NMSU

Orchards

Megagrams

$0.23/lbs

NASS

Pasture

Pounds

$164/ton

NASS

Potatoes

Kilograms

$7.48/cwt

NASS

Sorghum

Kilograms

$7.09/cwt

NASS

Wheat

Kilograms

$5.53/bushel

NASS
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Figure 42: Crop-Water Allocation in Baseline Distribution Scenario

Table 25: Crop Production & Market Value in Baseline Distribution Scenario
Crop

Drip A & Flood

Drip B

Annual

Annual

Annual

Annual

Market Value

Production

Market Value

Production

Alfalfa

$ 178,567.59

1,065.02 tons

$ 333,737.70

1,990.48 tons

Barley

$ 3,663.23

17,198.50 kg

$ 10,559.40

49,575.37 kg

Bean

$ 9,880.49

10,566.92 kg

$ 17,801.55

19038.29 kg

Chile

$ 78,754.54

39.38 tons

$ 228,686.13

114.34 tons

Corn

$ 14,074.14

74,791.40 kg

$ 18,801.93

99915.38 kg

Onions

$ 63,931.11

161,442.19 kg

$ 111,838.43

282420.27 kg

Orchard

$ 139,755.54

327.42 Mg

$ 153,435.74

359.47 Mg

Pasture

$ 368,615.72

4,486,195.46

$ 797,368.91

9704286.88 lbs.

lbs.
Potatoes

$ 18,088.36

109,870.61 kg

$ 31,844.01

193423.82 kg

Sorghum

$ 6,574.30

42,148.35 kg

$ 12,276.08

78702.88 kg

Wheat

$ 3,617.46

17,795.28 kg

$ 7,981.62

39263.82 kg

TOTAL:

$ 885,522.48

	
  

$ 1,724,331.50
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Figure 43: Crop-Water Allocation in Alternative Distribution Scenario 1

Table 26: Crop Production & Market Value in Alternative Distribution Scenario 1
Crop

Drip A & Flood

Drip B

Annual Market

Annual

Annual Market

Annual

Value

Production

Value

Production

Alfalfa

$ 102,922.77

613.85 tons

$ 209,936.00

1,252.11 tons

Barley

$ 52,410.17

246060.68 kg

$ 90,339.00

424,133.46 kg

Bean

$ 152,970.03

163597.42 kg

$ 251,983.30

269489.51 kg

Chile

$ 2,787,184.84

1393.59 tons

$ 4,661,329.70

2330.66 tons

Corn

$ 47,493.48

252,385.16 kg

$ 73,496.36

390567.08 kg

Onions

$ 929,350.05

2346843.57 kg

$ 1,528,191.56

3859069.59 kg

Orchard

$ 139,755.54

327.42 Mg

$ 153,435.74

359.47 Mg

Pasture

$ 31,868.48

387851.68 lbs.

$ 246,245.07

2996897.44 lbs.

Potatoes

$ 266,576.36

1,619212.57 kg

$ 438,521.90

2663627.66 kg

Sorghum

$ 48,878.41

300541.13 kg

$ 78,238.17

501591.04 kg

Wheat

$ 34,466.40

169549.78 kg

$ 58,469.30

287626.70 kg

TOTAL:

$ 4,593,876.53

	
  

$ 7,636,850.36
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Figure 44: Alternative Distribution Scenario 3

Table 27: Crop Production & Market Value in Alternative Distribution Scenario 3
Crop

Drip A & Flood

Drip B

Annual

Annual

Annual

Annual

Market Value

Production

Market Value

Production

Alfalfa

$ 18,872.96

112.56 tons

$ 72,379.89

431.69 tons

Barley

$ 60,534.66

284,204.38 kg

$ 103,635.75

486,559.80 kg

Bean

$ 152,970.03

163,597.42 kg

$ 251,983.30

269,489.51 kg

Chile

$ 2,787,184.84

1,393.59 tons

$ 4,661,329.70

2,330.66 kg

Corn

$ 53,063.37

281,984.13 kg

$ 82,612.09

439,009.03 kg

Onions

$ 929,350.05

2,346,843.57

$ 1,528,191.56

3,859,069.59

kg

kg

Orchard

$ 333,157.88

780.52 Mg

$ 469,959.92

1,101.01 Mg

Pasture

$ 10,821.78

131,705.20 lbs.

$ 211,799.83

2,577,685.60
lbs.

Potatoes

$ 266,576.36

1,619,212.57

$ 438,521.90

kg

2,663,627.66
kg

Sorghum

$ 49,117.52

343,606.60 kg

$ 89,231.85

572,072.40 kg

Wheat

$ 39,607.89

194,842.19 kg

$ 66,883.92

329,020.52 kg

TOTAL:

$ 4,701,257.34

	
  

$ 7,976,529.71
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Figure 45: Alternative Distribution Scenario 5

Table 28: Crop Production & Market Value in Alternative Distribution Scenario 5
Crop

Drip A & Flood

Drip B

Annual

Annual

Annual

Annual

Market Value

Production

Market Value

Production

Alfalfa

$ 18,872.96

112.56 tons

$ 72,379.89

431.69 tons

Barley

$ 101,157.12

474,922.86 kg

$ 170,118.86

798,691.54 kg

Bean

$ 246,289.30

263,399.93 kg

$ 251,983.30

423,827.26 kg

Chile

$ 4,553,552.42

2,276.78 tons

$ 7,552,184.20

3,776.09 tons

Corn

$ 80,912.82

429,978.93 kg

$ 128,190.78

681,218.79 kg

Onions

$ 1,493,753.71

3,772,105.33

$ 2,451,900.12

6,191,666.97

kg

kg

Orchard

$ 225,712.14

528.79 Mg

$ 294,113.15

689.04 Mg

Pasture

$ -252,262.00

-3,070,125.80

$ -218,765.66

-26,662,462.40

lbs.
Potatoes

$ 428,633.75

lbs.

2,603,566.02

$ 703,746.61

kg

4,274,630.40
kg

Sorghum

$ 87,182.51

558,933.91 kg

$ 144,200.26

924,479.20 kg

Wheat

$ 65,315.34

321,304.27 kg

$ 108,956.98

535,989.59 kg

TOTAL:

$ 7,049,119.07
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See Appendix C for more detailed comparisons of crop production across the alternative
crop distribution scenarios.

Figure 46: Similarity of Alternative Distribution Scenario 2 & 3

Figure 47: Similarity of Alternative Distribution Scenario 4 & 5
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Regarding the projected market value of crop production, it should be emphasized
that this is the most simplified aspect of the Rio Hondo simulation. Again, market value
was determined by multiplying the average selling price for that particular crop times the
amount of production determined by the crop-water production function. Under the
scenario Drip B, where the water from irrigation seepage is re-allocated by farmers for
agricultural use, production and market value both increase dramatically. Also, in each
scenario as the amount of water allocated for grains and vegetables increases, market
value increases proportionally across each irrigation regime. Market value of crop
production is meant to highlight the potential benefits available to farmers if they were to
switch to drip irrigation and re-appropriate the water that was not lost through irrigation
seepage from the fields. According to the Rio Hondo simulation, this decision has a
pronounced effect on the aquifer volume under scenario Drip A and B. The economic
aspect of the Rio Hondo simulation, however, does not take into account production costs
associated with farming. Nor does it take into account the increased costs associated with
drip irrigation. While drip irrigation may provide increased crop production and market
value, it requires an increased upfront costs for farmers to install drip line, set up a small
pump on the ditch, electric costs for the drip timers sequence, and more intensive
operations and maintenance costs. All of these should be taken into account in the next
iteration of the Rio Hondo simulation.

	
  

97	
  

DISCUSSION
The Rio Hondo simulation provides a first step in developing a quantitative
platform for understanding how various components of an ancient irrigation method
interact within a specific watershed. There are some benefits to this quantitative
approach. Incorporating climate change scenarios allows users to conceptualize how
regional agriculture may fare in an unexpected future climate. Quantifying surface and
groundwater interactions gives users an impression of dynamic trends that emerge from
the way the two irrigation regimes interact with the shallow aquifer. Assigning dollar
values to possible scenarios of future crop production gives users an indicator for
optimum cropping. Finally, assessing the difference in crop productivity available under
drip irrigation highlights the question of economic versus hydrologic tradeoffs acequia
farmers may be faced with in the future.
The striking difference in the hydrologic picture painted by drip versus flood
irrigation may be the most impactful of the simulation outputs. It may also be one of the
most intuitive of the outputs. Nonetheless, having a quantitative representation of the
negative feedback loop that occurs when the aquifer is deprived of recharge from
irrigation seepage creates a powerful impression for users. In fact, perhaps the simulation
could be used to convince non-flood irrigating farmers of the benefits of flood irrigation.
The quantitative display of the stabilizing effect flood irrigation has on the aquifer
is corroborated by field research. Fernald, Ochoa, Johnson, and others have all recorded
observations from the field of how flood irrigation serves to replenish the water table. In
the study on the hydrogeology of the Arroyo Hondo region, Johnson writes,
In the Rio Hondo drainage, accretion of ground water from surface
water and irrigation recharge is a critical factor controlling the extent of
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the shallow alluvial aquifer. Because of interconnections between the Rio
Hondo, the Rio Grande and shallow and deep aquifers have the very real
potential of contributing to surface water depletions in a matter of decades
or less. Similarly, reductions in irrigation would have negative effects on
ground water levels in the shallow alluvial aquifer. (Johnson 2009)
Statements like these can be found throughout the literature on the effects of flood
irrigation. In another study conducted in northern New Mexico, at the Alcalde
Sustainable Agricultural Science Center operated by New Mexico State University,
Ochoa et al write,
Our results show that for an alfalfa-grass field with sandy loam soil,
deep percolation from flood irrigation is a significant source of shallow
groundwater recharge. We attribute the rapid response of shallow
groundwater to deep percolation to a relatively shallow water table, to a
highly permeable sandy loam soil, and to an aging alfalfa field likely
promoting development of macropores. (Ochoa et al, 2007)
This striking difference between how the groundwater and surface water
interactions respond to flood versus drip irrigation create a strong argument against whole
scale adoption of drip irrigation. The negative feedback loop simulated in the drip
modules of the Rio Hondo simulation could be exacerbated in various ways in the reallife system. As aquifer levels decline and Rio Hondo regularly becomes a losing stream,
riparian vegetation may begin to die off. Without this cooling corridor of vegetation
around the Rio Hondo and acequia channels, nearby temperatures may rise creating an
increase in open evaporation from surface water. This would contribute to another
negative feedback loop where less water is available in the system creating more losses of
riparian vegetation.
The natural, time-delayed storage created by irrigation seepage into the aquifer is
an important ecosystem service for the community. As population grows and
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groundwater withdrawls increase, this time-delayed storage of water underground could
become a vital necessity for the community. While the Rio Hondo simulation was
conceived in the hopes of encouraging community members to move towards drip
irrigation, it is ironic that the modeled output clearly does not support this preconception.
While there are economic benefits available to farmers if they re-appropriate irrigation
seepage for agricultural consumptive use, it is important to keep in mind the hydrologic
effects of this moving entirely to drip irrigation. This issue of the economic and
hydrologic tradeoffs of moving entirely to drip irrigation is a good conversation starter
for farmers in the region. While the economic returns under the Drip B scenario are
significant, the decline in aquifer volume is something for folks in the region to bear in
mind. Perhaps, a mixed irrigation regime of some drip and some flood would be the most
appropriate way to respond to future climate change.
Model outputs of the Rio Hondo simulation are most useful in the dynamic trends
that they describe, rather than any specific values projected by the model. The entire Rio
Hondo simulation is based on assumptions, including how the climate might respond to
increased greenhouse gases, crop-water productivity, stream flow availability, and future
crop market value. There is no way to actually state definitively what the future might
hold. System dynamics modeling is no Oracle at Delphi.
The benefit of systems modeling is to show possible trends for how complex,
interacting systems may respond to changing variables. The Rio Hondo simulation is
most useful in the way it may demonstrate to users how cultural practices interface with
hydrologic and socio-economic realities within the watershed. This point should be
emphasized. The value of using a generalized modeling platform like STELLA as a
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participatory planning tool in natural resource management is not in the strict
quantification of model outputs. Rather the primary value of such a tool is in its ability to
explicate broader patterns within complex systems, to inform users how their actions may
affect surrounding natural and manmade systems, give users some ways of imagining
possible futures based on their actions, and generate discussion regarding how to plan for
the future effectively. In the development and implementation of the Rio Grande model
as a participatory water-planning tool for users in the Middle Rio Grande Water
Assembly, one of the conclusions reached by the team was,
Probably the most important role of the model in the planning
process was in promoting and initiating dialogue. In many cases the
dialogue arose simply from the process of exploring alternative water
conservation measures. Participants were naturally drawn to offer their
“what if ” scenarios for testing. This process naturally led to questions
and discussions of the pros and cons of the different alternatives. In many
cases, the questions led to discussions lasting weeks to months, and which
often led to greater understanding and clarity of the system. (Tidwell et al
2004)
This sentiment gets to the heart of the role of computer simulations have in
planning processes. In the Rio Hondo simulation, the model shows how the aquifer
would be affected by the whole-scale adoption of drip within the watershed. However,
perhaps there is room for mixed irrigation regimes with some acreage irrigated with flood
and some with drip. During interviews conducted as part of the NM EPSCoR study, one
farmer I spoke with, Matt Romero, follows this strategy. On eleven acres, he grows a
wide variety of crops irrigating most with drip, while flood and furrow irrigating chiles
and potatoes (personal communication, Sept. 20, 2011). This is the type of conversation
that might emerge during presentation and discussion of the Rio Hondo simulation with
community members.
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Another conversation generating feature of the simulation lies in the slider bars
that demonstrate the effect of different crop-water allocation within the watershed.
Alfalfa and pasture for livestock are the predominant crops grown in the region. Slider
bars allow community members to see if moving towards cultivating more vegetables,
grains for human consumption, or fruit trees may yield valuable economic returns. There
are three farmers markets in the region: two on Wednesdays in Arroyo Seco and the
nearby pueblo and one on Saturdays in Taos. Stimulating discussion among community
members along these lines would be the most effective way to use the Rio Hondo
simulation.
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FUTURE WORK
As a modeling exercise, the Rio Hondo simulation is a good start for future
iterations that may help acequia users refine their understanding of their system, how it
may respond to a changing climate, and future management options to consider to
maximize their water resources and the hydrologic health of their watershed. Based on
the current model structure, there are several ways to improve simulation outputs that are
immediately apparent.
Addressing the calibration issues discussed earlier would help refine model
outputs. This would involve modifying tributary inflow so some portion of it flows
directly into the Rio Hondo outflow. Some addition of discharge from springs could also
be included into the Rio Hondo outflow. Based on anecdotal evidence as well as the
Johnson report, the Lower Rio Hondo springs and the Medina springs feed directly into
the Rio Hondo and may also contribute to groundwater recharge (personal
communication, August 8, 9, & 17, 2011). Due to the fluctuating nature of regional
springs, this flow of water into the system was not included in the surface and
groundwater interactions.
The Rio Hondo simulation could be enhanced by including a fourth module that
demonstrates the effect of mixed irrigation practices on surface and groundwater
interactions in the watershed. This may yield an output that is less detrimental to the
aquifer, and thereby give community members a more convincing argument to switch a
portion of their production to drip irrigation.
In the Rio Hondo simulation, the benefits and drawbacks of drip irrigation were
cast entirely in terms of availability of water resources and the economic value generated
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from a range of crop yields. However, initial costs for implementation of drip would help
persuade or dissuade farmers. A cost analysis of drip would require a finer level of
economic analysis than the general watershed-scale approach taken in the Rio Hondo
simulation. Considerations such as length of pipe for irrigated acreage, number of farms
implementing drip, costs for installing the system, and replacement costs for laterals
would be useful to ascertain the applicability of drip within the Rio Hondo.
Even though this modeling exercise simulated water use in the watershed as a
whole, it would be possible to add a layer of complexity to the model and simulate how
water might be divided up among the three communities. The “Flow Sharing
Agreement” assigns fixed percentages for how water should be allocated for the
communities of Valdez, Des Montes, and Arroyo Hondo. The agreement from 2006
allocates Des Montes 41% of the water from the Rio Hondo, Valdez 22%, and Arroyo
Hondo 37%. Including interlinked modules for each of these communities would be
complex but would help refine the overall hydrologic picture demonstrated by the
simulation.
Finally, the Rio Hondo simulation is a quantitative analysis of water use and
economic value across a range of future scenarios. In order to implement a plan of action
based on simulation outputs, it would be worthwhile to undertake a qualitative analysis of
how drip irrigation might be implemented and whether it is appropriate for the
community of acequia users, or if there is another course of action that is more
appropriate.
During preliminary interviews with farmers in the region, mixed sentiments were
expressed regarding the applicability of drip irrigation. Some farmers had already made
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the switch, or were in the process of moving some portion of their production over to
drip. These farmers were using drip irrigation on their vegetable gardens and fruit
orchards (personal communication, August 17, 2011 and September 20, 2011). Some
acequia users expressed an interest in drip irrigation but were not comfortable charting
into unknown territory without more information and guidance. One farmer described it
as, “a good subject for discussion” (August 8, 2011). Another expressed the view that a
more efficient irrigation, like drip, would “give us more time to go work somewhere else”
(personal communication, August 18, 2011). Finally, there were farmers who were not
amenable to drip irrigation since they felt it required more infrastructure than was
available or possible for the region. One said, “No, it’s not possible. When you get your
water, you get your business [irrigating the fields] done. Then, the water goes to
someone else” (personal communication, August 10, 2011).
This last view raised the issue of storage requirements for drip. As a mechanized
irrigation technique that relies on timers to release water to crops, water must be
continuously available over longer periods of time than is required for flood irrigation. In
flood irrigation, once a farmer has transferred his or her allocation of water from the
channels to the fields, the rest is allowed to move downstream for use by other acequia
farmers. Before drip could be implemented, small-scale storage would be required. The
few farmers who have tried drip irrigation in the region have all set up small-scale
storage systems from which water is piped to the fields.
Given the broad range of views expressed regarding the implementation of drip
irrigation in the Rio Hondo watershed, more qualitative research would be worthwhile.
While the quantitative analysis provided by the Rio Hondo simulation focuses on drip
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versus flood irrigation, perhaps this is not entirely applicable to acequia users.
Qualitative research in terms of the most pressing needs for farmers in the region would
help refine how a system dynamics model might be used most appropriately. Perhaps,
before presenting outputs from further iterations of the Rio Hondo simulation, a modeling
exercise to demonstrate the effect of small-scale storage on surface and groundwater
features would be appropriate. In such an analysis, economic costs of implementing
small-scale storage could be included. Once again, though, this quantitative analysis
would come after qualitative research was conducted into the most pressing needs of Rio
Hondo acequia users.
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CONCLUSION
As a quantitative tool, the Rio Hondo simulation provides a valuable platform for
generating productive conversation with the aim of outlining possible management
options for farmers within the watershed. Having a thorough technical understanding of
the hydrologic and economic aspects of crop production in the watershed is the first step
towards implementing any action plan for responding to a changing climate and
diminished water resources in the future.
Effective water planning relies on both quantitative and qualitative analysis.
Qualitative research is important for understanding how to implement community-based
progressive planning measures, but this community-based approach must be grounded in
an understanding of the technical issues surrounding water management. Making data
driven computer simulations accessible and useful for a broad audience does not involve
distilling critical pieces of information. Rather, appropriate user interfaces and data
visualizations can be constructed to communicate the salient features of natural resource
models. Paying attention to presentation methods is crucial as it is the most vital piece of
any modeling exercise. If details and predictions of a simulation are not effectively
communicated, then they are useless.
The Rio Hondo simulation quantifies an already observed phenomenon of aquifer
replenishment associated with flood irrigation practices. The strict quantification of the
phenomenon is less important than the general trend the simulation provides which in
fact mirrors the real-life system. The ability to incorporate more complexity into the Rio
Hondo simulation makes it a worthwhile starting point for using system dynamics
modeling as a participatory planning tool. More socio-economic data regarding land use,
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income from farming versus other jobs, and production costs can be incorporated into the
generalized Rio Hondo simulation. However, modeling for the sake of modeling can be a
fruitless endeavor. Every modeling project must have specified boundaries in order to
make the outputs relevant. Model outputs are meaningful when they coincide with the
concerns of community members and when they are communicated in a meaningful and
accessible fashion.
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APPENDIX A: Model Snapshots
User Interface for the Rio Hondo simulation

Al
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Model Snapshot of Rio Hondo simulation
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APPENDIX B: General Model Algorithms
Acequias(t) = Acequias(t - dt) + (Acequia_Inflow - Acequia_Outflow) * dt
INIT Acequias = 0
INFLOWS:
Acequia_Inflow = Irrigated_Acreage*3.9
OUTFLOWS:
Acequia_Outflow = Acequia_Inflow -Canal_Evaporation-Canal_Riparian_ETIncidental_Depletion-Consumptive_Use-Canal_Seepage-Irrigation_Seepage
Rio_Hondo(t) = Rio_Hondo(t - dt) + (Rio_Hondo_Inflow + Flow_with_Gradient Rio_Hondo_Outflow - Acequia_Inflow) * dt
INIT Rio_Hondo = 0
INFLOWS:
Rio_Hondo_Inflow = Sflow_Calib
Flow_with_Gradient = 0.4 * (9 * (20/5280) * 640) * ( ( (Aquifer_Head+7070)(Inflow_Stage+7160) ) /19.9 ) *365
OUTFLOWS:
Rio_Hondo_Outflow = Rio_Hondo_Inflow-Rio_Hondo_Riparian_ETRio_Hondo_Evaporation+Acequia_Outflow+Flow_with_Gradient
Acequia_Inflow = Irrigated_Acreage*3.9
Shallow_Alluvial_Aquifer(t) = Shallow_Alluvial_Aquifer(t - dt) + (GW_Recharge GW_Withdrawls - Transbasin_Flow - Flow_with_Gradient) * dt
INIT Shallow_Alluvial_Aquifer = 48*640*100*0.15
INFLOWS:
GW_Recharge = Irrigation_Seepage+Canal_Seepage+Tributary_Inflow
OUTFLOWS:
GW_Withdrawls = Population*Per_Capita_GW_Pumping
Transbasin_Flow = 3000
Flow_with_Gradient = 0.4 * (9 * (20/5280) * 640) * ( ( (Aquifer_Head+7070)(Inflow_Stage+7160) ) /19.9 ) *365
Alfalfa = 29
Alfalfa_Market_Value = Alfalfa__Production* ( (190+154+159)/3 )
Alfalfa__Production = ( -1.36 + 0.11 * ( ( 30.48/706) * (Alfalfa/100) *
Consumptive_Use) ) * (706 /2.47)
Aquifer_Head = Shallow_Alluvial_Aquifer/(48*640*0.15)
Barley_Market_Value = Barley_Production * ( (5.37+ 4.66 + 3.9) / (3 * 21.8) )
Barley_Production = ( 111.6 * ( (Grains * Consumptive_Use * 0.25 *30.48 ) /
(100 * 39.5 ) ) - 2104.8 ) * (39.5/2.47)
Bean_Market_Value = Bean_Production * (50+45) / (2 *50.8)
Bean_Production = ( 58.4 * ( ( Veggies * Consumptive_Use * 0.25 * 30.48) /
(16*100) ) - 423 ) * ( 16 / 2.47 )
Canal_Evaporation = Canal_Length*(3/5280)*640*2.21
Canal_Length = 25.1
Canal_Riparian_ET = Canal_Length*(3/5280)*640*3.75
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Canal_Seepage = Acequia_Inflow*0.12
Chile_Market_Value = Chile_Production*2000
Chile_Production = ( 0.5168 * ( ( 30.48 * Veggies * Consumptive_Use * 0.25 ) /
(100 *16) ) - 12.1) * (16/2.47)
Consumptive_Use = IF (Rio_Hondo_Inflow>8113) THEN (3693) ELSE (3693 (8113 - Rio_Hondo_Inflow))
Corn_Market_Value = Corn_Production * (5.3+4.12+4.95) / (3 * 0.4535*56)
Corn_Production = ( 86.6 * ( ( Grains * Consumptive_Use * 0.25 * 12 * 2.54) / (
100 * 39.5 ) ) + 2209 ) * (39.5/2.47)
Grains = 4
Incidental_Depletion = Acequia_Inflow*0.06
Irrigated_Acreage = 2870
Irrigation_Seepage = Acequia_Inflow*0.21
Onions_Market_Value = Onions_Production * 9 / (50 * 0.4535)
Onions_Production = ( 834 *( ( Veggies * Consumptive_Use *12 * 2.54 * 0.25) /
(100*16 ) ) -4414) * (16/2.47)
Orchard = 1
Orchard_Market_Vlaue = (Orchard__Production*45.93*40)*(
(0.232+0.231+0.234)/3 )
Orchard__Production = ( ( 0.28 * ( ( Orchard * Consumptive_Use * 12 ) / (100*
63) ) ) + 10.86 ) * (63/2.47)
Pasture = 64
Pasture_Market_Value = (Pasture__Production/2000)* ( (186+151+156) / 3)
Pasture__Production = ( 289 * ( (12 * Pasture * Consumptive_Use ) / (100 *
1682) ) - 2206 ) * 1682
Per_Capita_GW_Pumping = 0.2
Potatoes__Market_Value = Potatoes__Production* (2.2/100) * ( ( 6.6 + 6.35 +
9.5) / 3)
Potatoes__Production = ( 576 * ( ( Veggies * Consumptive_Use * 0.25 *30.48) /
(100 *16) ) - 3300) * (16/2.47)
Rio_Hondo_Evaporation = 9*3.75*(20/5280)*640
Rio_Hondo_Riparian_ET = 9*(60/5280)*2.21*640
Sorghum_Market_Value = Sorghum_Production * ( 2.2/100 ) * ( (6.25+6.12+8.9)
/3)
Sorghum_Production = ( 126 * ( (Grains * Consumptive_Use * 0.25 * 12 * 2.54) /
(100 * 39.5) ) -955) * (39.5/2.47)
Tributary_Inflow = 1500
Veggies = 2
Wheat_Market_Value = Wheat_Production * (7.7 + 4.6 + 4.3) / (3 * 27.22)
Wheat_Production = ( 74 * ( (Grains * Consumptive_Use * 0.25 * 12 * 2.54) / (
100* 39.5) ) - 996 ) * ( 39.5 / 2.47)
	
  
Note:	
  The	
  student	
  version	
  of	
  STELLA	
  does	
  not	
  automatically	
  convert	
  units,	
  so	
  
conversion	
  factors	
  were	
  applied	
  independently.	
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APPENDIX C: Comparison of Crop Market Values across Alternative Distribution
Scenarios and Drip and Flood Modules
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